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ABSTRACT
BRAD N. BARLOW: Time-Domain Studies of Hot Subdwarf Stars
(Under the Direction of Dr. J. Christopher Clemens)
Hot subdwarf B (sdB) stars represent one of the least-understood stages of stellar evo-
lution, yet they dominate surveys of faint blue objects and are found in almost all Galactic
stellar populations. Understanding these stars better would illuminate the enigmatic “second
parameter” problem in globular cluster evolution, improve synthesis modeling of the UV
upturn in giant elliptical galaxies, and constrain the physical properties of the dense plasmas
present in these compact objects. Presumably, hot subdwarfs were once red giant branch stars
stripped of their outer hydrogen layers, possibly due to interactions with binary companions.
Searching for sdB binaries, determining their orbital parameters, and measuring the masses
of their hot subdwarf components are some of the best ways to test binary formation models.
Since pulsations offer the chance to measure sdB properties through a combination of spec-
tral analysis and stellar seismology, we conducted a Southern-hemisphere survey with the
PROMPT telescopes to extend the number of pulsators available for such studies. CS 1246,
one of the pulsators discovered in our survey, shows a single, large-amplitude radial mode
permitting the application of techniques rarely applied to other stars. Using time-resolved
spectroscopy from the SOAR telescope, we employ the Baade-Wesselink method to derive
a mass, radius, and distance for the star; this represents the first application of the method
to a hot subdwarf. Pulse timing measurements from PROMPT over two years imply the
iii
presence of a previously-unknown, low-mass companion orbiting CS 1246 with a period of
two weeks. We verify this hypothesis with radial velocity measurements of the orbital reflex
motion, confirming for the first time that the rapid pulsations of sdB stars can be sufficiently
accurate clocks for the detection of companions using the O-C diagram. Future applica-
tions of these techniques to other pulsating hot subdwarfs will help address the mysteries
surrounding their formation histories.
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Chapter 1
Introduction
“I soon became convinced...that all the theorizing would be empty brain exercise
and therefore a waste of time unless one first ascertained what the population of
the universe really consists of.”
– Fritz Zwicky
Serendipity is the catalyst of many great scientific discoveries. Armed with the 18-inch
Schmidt telescope on Mount Palomar, Fritz Zwicky and Milton Humason began a search for
faint blue stars at high Galactic latitudes in 1939 with the hopes of uncovering new white
dwarfs (Humason & Zwicky, 1947). A handful of stars were observed with spectra domi-
nated by Balmer absorption lines, similar to hydrogen-atmosphere white dwarfs (DAs) and
main sequence B stars. Spectral analyses showed the absorption features were too narrow for
white dwarfs, so they proceeded under the assumption they were B-stars. Using a mean mag-
nitude for normal main sequence B stars, they calculated the distance moduli and found the
stars would be at distances placing them well outside of our Galaxy. Humason and Zwicky
concluded they were neither white dwarfs nor main sequence stars but a new type of blue
object altogether. These stars were later dubbed “hot subdwarfs” and continue to perplex
astronomers even today.
1.1 The Enigmatic Hot Subdwarf Stars
The hot subdwarf stars were first recognized as a blue extension of the horizontal branch
in the Galactic halo in the monumental work of Greenstein & Sargent (1974). By determining
temperatures and gravities through pioneering spectral analyses, they were able to place the
stars in the Hertzsprung-Russell (H-R) diagram in a location between the main sequence and
white-dwarf cooling tracks referred to as the extreme (or extended) horizontal branch (EHB).
The ‘hot subdwarf box’ in which the majority of these stars are found has boundaries defined
by 5.0 < log g1 < 6.5 and 20000 K < Te f f < 100000 K and contains several subclasses of hot
subdwarfs:
sdB - a star which has colors similar to those of a B-type star and a spectrum dominated by
hydrogen Balmer lines broader than those of main sequence B stars. Weak He I lines
are sometimes present. Temperatures range from Te f f = 20000 − 40000K and surface
gravities from log g = 5.0 - 6.2.
sdOB - an extremely hot sdB star showing the He II 4686 Å line in its spectrum in addition
1reported in cgs units throughout this thesis.
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to He I and hydrogen Balmer lines. The sdOB classification is rarely used anymore; its
members are typically assumed under the ‘sdB’ classificiation.
sdO - a star with colors similar to those of normal O-type stars with spectra dominated by
ionized helium. Temperatures range from 40000 K to 100000 K and surface gravities
from log g = 4.0 - 6.5.
He-sdB - an sdB star highly enriched with helium.
He-sdO - an sdO star highly enriched with helium.
Subdwarf B stars are by far the most frequent subtype, outnumbering sdOs by a factor of
three. Furthermore, they form a spectroscopically homogeneous class, whereas O-type sub-
dwarfs display a wide variety of spectra (Moehler et al., 1990). For these reasons, we have
focused our work on the sdB stars, which we refer to as ‘hot subdwarfs’, ‘sdB stars’, ‘subd-
warf B stars’, and ‘subluminous B stars’ interchangeably for the remainder of this thesis.
Models show sdBs are core helium-burning stars surrounded by thin hydrogen atmo-
spheres with masses near 0.5 Msun and radii around 0.2 Rsun (Heber, 1986; Saffer et al., 1994).
Their outer hydrogen layers are so thin they cannot support shell fusion, and thus they will
not ascend the asymptotic giant branch (AGB) as do normal horizontal branch stars. Once
all the helium in the core has been exhausted, the stars undergo a brief period of helium-
shell burning, evolve through the sdO region of the H-R diagram, and enter the white dwarf
cooling track. Evolutionary calculations show they have relatively short lifetimes around 100
Myr (Dorman et al., 1993) and evolve so quickly it might be possible to directly measure
their triple-α reaction rates.
3
Although the current and future evolutionary states of hot subdwarfs are fairly well-
understood, their formation histories have largely remained shrouded in mystery. It is widely
accepted that subdwarfs are the progeny of red giant branch stars that were somehow stripped
of their outer envelope before reaching the tip of the red giant branch (RGB). This process
reveals a hot, dense helium core surrounded by a thin hydrogen atmosphere: a hot subdwarf
star. Why this stripping occurs is a mystery.
Mengel et al. (1976) first addressed this issue by presenting a scenario in which a close
binary system could create a hot subdwarf if its progenitor (a red giant) fills its Roche lobe
near the tip of the red giant branch and loses its envelope. Various binary models have been
constructed around this idea, most of which use the angular momentum stored in stellar bina-
ries to spin up and eject the progenitor’s envelope. (Soker, 1998) added an interesting twist
to the story by demonstrating that the orbital angular momentum resident in a planet could
accomplish the same effect. His models show some of these planets might even survive this
process and continue to orbit their newly-created sdB host. Some binary formation scenarios,
such as common envelope mergers (Politano et al., 2008), the merger of two He white dwarfs
(Iben & Tutukov, 1986; Webbink, 1984), the merger of a white dwarf and M-dwarf (Clausen
& Wade, 2011), and the stripping of the RGB envelope by a supernova explosion Marietta
et al. (2000) leave behind no companion at all. In dense globular clusters, envelopes might
be stripped from collisions and close encounters (de Marchi & Paresce, 1996). Still, others
are able to draw hot subdwarf stars from their models without the assistance of a compan-
ion by invoking enhanced mass loss through strong stellar winds (D’Cruz et al., 1996) and
rotationally-induced helium mixing (Sweigart, 1997).
4
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P    = 0.1 ! 10 daysorb
He
MS
HeHe
sdBM     = 0.4 ! 0.49 M sun
He WD MS
short!period sdB binary with MS companionshort!period sdB binary with He WD companion
common!envelope phase common!envelope phase
unstable RLOF !!!> dynamical mass transfer unstable RLOF !!!> dynamical mass transfer
stable RLOF
wide binary
Common!Envelope Channels
CE only (mass ratio > 1.2 ! 1.5)stable RLOF + CE (mass ratio < 1.2 ! 1.5)
Figure 1. Common-envelope (CE) channels for the production of hot sub-
dwarfs. The CE phase can be either the first (right panel) or the second
(left panel) mass-transfer phase, producing a tight sdB binary with either a
main-sequence or white-dwarf companion, respectively.
energy is released to eject the envelope (Paczyn´ski 1976). This ends the spiral-in
phase and leaves a much closer binary with an orbital period typically between
0.1 and 10 d, consisting of the core of the giant and the secondary.
In general, the CE phase can be either the first or the second mass-transfer
phase in binary. In the former case, the companion of the sdB star is expected
to be a normal star, most likely a main-sequence star, while in the latter case
it is a helium white dwarf. In the best-fit model of Han et al. (2003), the
birthrates of sdB stars in the CE channel are ∼ 0.7 × 10−2 yr−1 for sdB stars
with normal stellar companions and ∼ 0.4× 10−2 yr−1 for sdB stars with white-
dwarf companions.
Figure 1.1: Graphic l depictions of ommon nv lope and Roche lobe overflow formation
channels. Taken from Figure 1 of Podsiadlowski et al. (2008)
Today, binarity remains the most widely-accepted mechanism for the formation of hot
subdwarfs. Formation models have become much more extensive since the early work of
Mengel et al. (1976) and predict that sdB stars can have main sequence companions of almost
all spectral types. Han et al. (2003, 2002) discuss the details and relative importance of
various pathways calculated from their binary population synthesis models. Figures 1.1 and
1.2 present graphical representations of these formation scenarios, which can be broken down
into three main channels: the common envelope (CE), the Roche lobe overflow (RLOF), and
the white dwarf merger channels. Together, they can produce sdBs stars with masses ranging
from 0.3 to 0.7 Msun.
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P    = 10 ! 500 daysorb
sdBM     = 0.30 ! 0.49 M  sun
(mass ratio < 1.2 ! 1.5)
Stable RLOF Channel
stable RLOF (near tip of RGB)
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by stellar wind
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(1 or 2 CE phases)
He WD merger
M     = 0.40 ! 0.65 MsdB sun
M     = 0.45 ! 0.49 MsdB sun
Single sdB Stars
gravitational radiation
HeHe
Figure 2. Stable Roche-lobe channel (left) and single-star/merger channels
(right) for the formation of sdB stars.
2.2. The Stable Roche-Lobe Overflow (RLOF) Channel
The main difference in the stable RLOF channel (e.g., Mengel, Norris, & Gross
1976) is that mass transfer (the left panel in Figure 2) is stable and does not
lead to a common-envelope and spiral-in phase. Because of the mass transfer,
the binary system tends to widen. The typical final orbital period is 100 to 500 d
(for M0 < 2M!), but can be as short as a few days for M0 > 2M!. Since in
the latter case, the companions are expected to be A stars, it is likely that these
systems are selected against in most hot subdwarf surveys.
2.3. The Merger Channel
In the merger channel (Webbink 1984; Iben & Tutukov 1986), the lighter of two
helium white dwarfs is dynamically disrupted when it fills its Roche lobe. The
requires that the initial orbital period of the helium white dwarf binary is close
enough (∼< 8 hr) that gravitational radiation can bring the system into contact.
Most of the mass of the disrupted star will subsequently be accreted by the more
massive white dwarf which at a certain critical mass ignites helium and becomes
Figure 1.2: Graph cal depictions f R che lobe overflow and single-star formation channels.
Taken from Figure 2 of Podsiadlowski et al. (2008)
The Han models show CE evolution (Paczynski, 1976) to be the most probable formation
channel for close binary systems. This scenario involves the evolution of two main sequence
stars. If the more massiv star fills its Roch lobe up n reaching the red giant phase and starts
to dynamically transfer its mass, a common envelope is formed. As the stars continue to orbit
one another, friction leads to an orbital decay, and the lost orbital energy is transferred to the
envelope, spinning it up and eventually ejecting it. The result is a hot subdwarf with a white
dwarf or cool main sequence (G/K/M) companion in a close orbit; predicted orbital periods
are less than 20 days.
Alternatively, model stars created through the RLOF channel generally have A- through
F-type main sequences companions (or G/K giants) and much longer periods (' 100 days).
This formation process differs from the CE channel in that mass transfer is stable. No com-
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mon envelope forms, but the sdB progenitor still loses its outer hydrogen layer to the primary
via a slow accretion. In cases where a white dwarf forms from this RLOF episode, a subse-
quent CE phase can still create an sdB star from the less massive main sequence star once it
reaches the red giant branch; these are short-period sdB+He WD binaries.
The final binary channel discussed by Han et al. (2003, 2002) involves the merger of two
helium white dwarfs. The emission of gravitational waves causes the orbital separation to
decrease, and eventually, the white dwarfs will merge and create a rapidly-rotating sdB if the
total mass is right.
Since binary population synthesis models predict specific distributions of orbital periods,
companion types, and subdwarf masses, they may be tested by observations and measure-
ments of these parameters. We discuss the current state of such studies in §1.3.
1.2 Astrophysical Relevance
SdB stars are slowly attracting more attention in astrophysics due to their pulsations (see
§1.4), the gap they fill in stellar evolution theories, and their involvement in many well-known
astronomical phenomena. Having been discovered in every Galactic population and even in
globular clusters, they dominate surveys of faint blue stars in the Galaxy and even outnumber
white dwarfs down to a magnitude of B ' 18; they cannot be ignored. 40% of the stars in
the famous Palomar-Green (PG) catalog were sdB stars (Green et al., 1986). Here we briefly
review a few areas of research they may affect.
The so-called ‘second parameter’ that regulates the morphology of horizontal branches in
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globular clusters (in addition to metallicity, the ‘first’ parameter) cannot be discussed with-
out considering the odd groupings of hot subdwarf stars along the extended horizontal branch
(see Moni Bidin et al. (2008) for a detailed review of the second parameter problem). NGC
2808 provides one of the most extreme examples of odd morphologies with its triple main se-
quence (Piotto et al., 2007) and multi-modal distribution of stars along the horizontal branch
(Dalessandro et al., 2011; Sosin et al., 1997). As sdB stars are the field counterparts to EHB
stars, their formation channels help set the distribution of stars along the horizontal branch.
Hot subdwarfs also play a role in our understanding of the UV-upturn, a mysterious rise
in the flux of giant spheroidal galaxies at extremely blue wavelengths (Code, 1969). As giant
elliptical galaxies are expected to be ‘red and dead’, the discovery of substantial amounts
of blue light (typically an indication of young stars) came as a surprise and has challenged
theory for nearly half a century. Several hypotheses have been proposed to explain the source
of the UV light, and many of them employ hot subwarf stars since they are both blue and
highly-evolved. Brown et al. (1997) present spectroscopy showing hot subdwarfs are the
most plausible source of the excess and implying they are quite common in many early-type
galaxies. Determining the number density and birthrate of sdB stars may shed additional
light on this problem.
Type Ia supernovae (SN Ia) are commonly used as standard candles for determining dis-
tances in the universe and are thus highly-regarded in cosmology. Some of the most important
results concerning cosmic evolution rely on our understanding the population of progenitors
that produce SN Ia. Theory shows they are thermonuclear explosions resulting from a white
dwarf reaching the Chandrasekhar limit (M=1.4 Msun) through mass accretion from a donor
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or via a binary merger. Many hot subdwarfs, most notably those created via the common
envelope channel (see §1.3), are in close binary systems , and since they will evolve into
white dwarfs well before the systems merge, many sdB binaries might be SN Ia progenitors.
Observations of the eclipsing sdB+WD system KPD 1930+2752 suggest a combined mass
in excess of the Chandrasehkar limit, making it one of the most promising SN Ia progenitor
candidates known (Geier et al., 2007).
1.3 An Abundance of Binaries
Observationally, hot subdwarf stars seem to prefer companionship2, a characteristic first
noticed in the Palomar-Green survey, which revealed that about 50% of them have composite
colors and spectra indicative of cool main-sequence companions (Allard et al., 1994; Fergu-
son et al., 1984). Since then, reports of the sdB binary fraction have ranged from 20% up
to nearly 100%; the exact value remains uncertain even today. As discussed in §1.1, many
theories invoke the presence of binaries to expel the outer envelope of the sdB progenitor
as it evolves along the red giant branch, a hypothesis in line with the high binary fraction
shown by observations. This raises the question: Are all hot subdwarfs created by binary
companions?
Several composite-color studies have looked for infrared flux excesses and spectroscopic
signatures indicative of cool companions around hot subdwarf stars. Stark et al. (2004),
for instance, studied sdBs in the Two Micron All Sky Survey (2MASS) and found a binary
2sdOs seems to show a much smaller binary fraction than sdBs (Napiwotzki et al., 2004), suggesting they
are not all descendants of sdB stars
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fraction near 30% based upon the morphology of optical-IR color-color plots. Other studies
make use of spectral signatures (Lisker et al., 2005), infrared excesses (Thejll et al., 1995;
Ulla & Thejll, 1998), and spectral energy distributions (Aznar Cuadrado & Jeffery, 2001) and
together find an average value near 50%. In a select few cases, light variations from reflection
effects, ellipsoidal variations, and eclipses signify the presence of a binary. Photometric and
spectroscopic surveys preferentially find hot subdwarfs in systems where the sdB outshines
its companion, a condition met by G/K/M main sequence and white dwarf companions. Not
surprisingly, these stellar classes represent almost all of the companion types found to date.
The subdwarfs predicted to reside in binaries with early-type stars will be nearly impossible
to detect at optical wavelengths.
Radial velocity (RV) surveys can reveal the presence of both visible and non-visible com-
panions and find that many apparently-single sdB stars are RV-variable and reside in close
binaries. Example searches include those of Maxted et al. (2001), Napiwotzki et al. (2004),
and Copperwheat et al. (2011) which together show a close binary fraction up to two-thirds3.
Similar to the composite-color surveys, these studies are biased towards systems with small
separation distances, high masses, and short orbital periods.
Unbiased catalogs of sdB binaries and measurements of their orbital parameters can
strongly constrain binary evolution models. The majority of hot subdwarf orbital param-
eters calculated to date come from radial velocity measurements (Geier et al. 2011, Table
A.1). In almost all of these systems, the companion contributes a negligible amount of the
light, and measurements are confined to reflex motion of the sdB. By assuming the canoni-
3RV studies in globular clusters reveal an extremely low (<4%) fraction of binaries, implying sdBs here
form differently than their field counterparts (Moni Bidin et al., 2008).
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cal mass (0.5 Msun) for the subdwarf, the mass function is simplified to the point where the
companion mass can be computed. Orbital parameters have been measured for around 100
binaries and show periods ranging from 0.07 to 28 days with a median at 0.61 days. Most
measured periods fall below 1 day; only two are longer than 10 days.
The observational biases mentioned above may distort our understanding of the binary
fraction and, consequently, the relative importance of various sdB formation channels. Most
of the companions found to date are cool, late-type main sequence stars or white dwarfs,
and nearly all of the sdB binaries for which orbital parameters have been calculated are ex-
tremely close binaries. No combination of the binary models of Han is completely consistent
with the observations; both single and binary hypotheses are necessary to reproduce the data.
Moreover, almost all binaries found have short periods and probably formed through the
CE scenario. The RLOF channel, which supposedly produces sdBs with early-type com-
panions, still awaits observational confirmation. Observational biases against detections of
bright companions with long orbital periods (and, thus, slow orbital velocities) are probably
to blame. Searches for sdBs around early-type main sequence stars showing an excess UV
flux will help address this problem and are currently being conducted (Wade et al., 2010).
Luckily, some hot subdwarfs pulsate, and their pulsations provide an alternative method
for detecting companions with smaller masses, slower velocities, and longer periods than
can be achieved using the RV and color-composite techniques. Additionally, comparisons of
model pulsators to observations can provide measurements of their masses, radii, and other
fundamental properties. We have done both these things in this dissertation and show how
future applications of such methods might aid our understanding of sdB formation channels
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and their relative contributions.
1.4 Pulsating Hot Subdwarf Stars
The discovery of the first pulsating hot subdwarf star was unarguably serendipitous; it
survived one stellar misclassification and required another. The Edinburgh-Cape (EC) survey,
a search for blue stars in the Southern hemisphere, has uncovered many new white dwarfs,
hot subdwarfs, cataclysmic variables, blue horizontal branch stars, quasars, and normal B-
type stars at high galactic latitudes since its inception (Kilkenny et al., 2010). One of its
objects, EC 14026-2647, was originally classified as an F- or G-type because of the presence
of Ca II lines and the G-band. Follow-up photometry, on the other hand, showed the star
was too blue to fit either classification, and so an additional, higher-quality spectrum was
obtained. Broad hydrogen Balmer lines pointed towards it being a hydrogen-atmosphere
white dwarf (DA), but the lines were much narrower than typical DAs; nonetheless, it was
marked down as a white dwarf and added as a candidate ZZ Ceti star since its colors matched
those of stars in the ZZ Ceti instability strip. During a high-speed photometric survey for
new pulsating white dwarfs from the EC sample, Kilkenny et al. (1997) discovered multi-
periodic oscillations in the star with periods on the order of minutes and amplitudes less than
1%. It was later realized EC 14026-2647 was in fact an sdB and represented the first pulsator
found amongst the hot subdwarfs. Since they were not expected to pulsate at the time, EC
14026-2647 would have been left off of the target list for their survey had it originally been
classified properly.
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Class Name Aliases Periods Number Description
sdBVr EC14026, V361 Hya 80-600 s > 50 rapid p-mode pulsations
sdBVs ’Betsy’ stars, V1093 Her 1-2 hr > 50 slow g-mode pulsations
sdBVrs ’Hybrid’, DW Lyn 80 s - 2 hr < 10 hybrid p- and g-mode pulsations
He-sdBV – 1954-5084 s 1 high-order non-radial g-modes?
sdOV – 60-120 s 1 p-mode pulsations?
Table 1.1: Classes of pulsating hot subdwarf stars. The nomenclature used is that proposed
by Kilkenny et al. (2010)
1.4.1 Observations
Since this initial discovery, more than one hundred pulsating hot subdwarf stars have been
discovered; they come in five different flavors, as shown in Table 1.1. Only one example each
of the pulsating sdO (Woudt et al., 2006) and He-sdB stars (Ahmad & Jeffery, 2005) has been
found, and so confirmation that these stars are actually members of pulsating classes still
awaits. Members of the three confirmed classes show photometric variations falling into two
categories: rapid oscillations with periods from 1-10 min and amplitudes near 1% (sdBVr
stars), and slow oscillations with periods from 45 min to 2 hours and amplitudes nearer
0.1% (sdBVs stars). A small subset of hybrid pulsators exhibit both types of oscillations
(sdBVrs stars). Slowly-pulsating sdB stars are more difficult to observe and characterize than
their rapidly-pulsating counterparts; they generally require 10% longer observing baselines
to sample their lower frequencies and larger telescopes to resolve their lower amplitudes.
Due to these limitations, we have concentrated our efforts on rapid pulsations.
The sdBVr stars cluster together in the log g-Te f f plane in an empirical instability strip4
bounded by 28000 K ≤ Te f f ≤ 36000 K and 5.2 ≤ log g ≤ 6.2 (see Figure 1.3). Unlike
the ZZ Ceti instability strip, which might be pure (Castanheira et al., 2010), only about one
4g-mode pulsators also cluster together in an instability strip bounded by 28000 K ≤ Te f f ≤ 36000 K. Hybrid
pulsators are located at the boundary between p- and g-mode strips.
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Fig. 6. a) Teff–log g diagram for the objects in Table 9. Filled circles indicate V361Hya type pulsators and diamonds
indicate hybrid DWLyn type pulsators. The size of the symbols is proportional to the pulsation amplitude, Amax. The
nineteen sdBVs from this survey that we have Teff and log g for are shown in blue, and short period pulsators from other
surveys in red. The green lines indicate the canonical zero age EHB (lower line) and terminal age EHB for an 0.47M!
core (from Kawaler & Hostler 2005) with envelope mass increasing from bottom to top. The ZAEHB starts at a log g of
5.9 with an envelope mass fraction of only 0.02%, and the objects that appear to lie on the extension of this line cannot
be explained by the canonical models. b) P–log g diagram for the same pulsators. The bars indicate the range of detected
pulsation periods in any particular star, excluding harmonics and g-modes. The log g values have been shifted by up to
±0.04 dex to avoid overlaps.
1mma. This could probably be increased by focusing only
on the hot end of the EHB, between 31 and 36 kK, at the
cost of sacrificing discoveries of the rarer pulsators at the
cool end of the instability region.
That the colour selected sample has a lower success frac-
tion than the samples based on spectroscopy is not sur-
prising, but it is surprising that there are so few pulsators
in the sample from Saffer et al. (1994). The total number
of sdB stars in that sample hotter than 28 kK are 44, of
which we observed 16 (plus another eight that were out-
side the borders of the instability region). Excluding the
known g-mode pulsators on the cool end of that sample,
we have two short period sdBVs in 41 stars; QQVir found
by us and V1078Her found by Bonanno et al. (2003). A
large number of stars from this sample were surveyed by
Bille`res et al. (2002), and the remaining stars have been
checked by other observers (but no limits have been pub-
lished), so we do not expect more clear pulsators in this
sample, although some low amplitude variables may have
been missed. Similarly, the number of sdB stars in the insta-
bility region in the sample of Maxted et al. (2001) is 34. We
found no pulsators in this sample, but it has been heavily
exploited by other groups; Bille`res et al. (2002) surveyed 14
of them and found one: UYSex. When combining informa-
tion from this and other unpublished surveys, we can only
find a single star that has yet to be surveyed. Thus, the
best fraction from the Maxted et al. (2001) sample we can
infer is 3%, which is lower than what we have found in the
HS, spy and SDSS samples, but with such small samples
this is barely significant.
6.3. The big picture
We have compiled all the known short period sdB pulsators
in Table 9, using data from the literature and added the re-
sults from this paper. We included preliminary physical pa-
rameters on two new pulsators published by Kilkenny et al.
(2009), based on recent low-resolution spectroscopy from
not/alfosc (3 250 – 6 150 A˚ at ∼4.5 A˚ resolution), using
the same atmosphere models as in our other determina-
tions. A few stars still lack temperature and gravity esti-
mates from spectroscopy, but we have supplied values from
our own alfosc spectroscopy where available. The table
may also not be entirely complete. PG0856+121, for which
Piccioni et al. (2000) reported what they termed ‘a pul-
sation episode’, was dropped from the table as repeated
attempts (Reed, priv. comm) have failed to confirm any
pulsations. Such brief pulsation episodes may be common
in sdB stars, but they are hard to catch and characterise.
The first sdB pulsator candidate in a globular clus-
ter was reported by Randall et al. (2009a), but while the
single clear period at 114 s makes this star a very likely
sdBV, spectroscopic confirmation remains to be done. The
same is the case for the pulsator candidate reported by
Figure 1.3: a) Te f f -log g diagram for the majority of rapidly-pulsating sdB stars. Filled
circles in icate sdBVr star, and diamonds represent hybrid pulsators (sdBVrs); their sizes
scale with pulsation amplitude. b) P-log g diagram for the pulsators in a). The bars represent
th range of d tected periods. Plot taken from Østens n et al. (2010a).
in ten stars in the sdBVr st ip pul te . Current theory ca not explain this coexistence of
non-pulsators and pulsators. Analysis of high-resolution UV spectra of pulsators and non-
pulsators taken from HST/STIS showed no clear and consistent differences in the abundance
patterns (O’Toole & Heber, 2006). We note that recent studies of sdBV stars in the Ke-
pler field (Baran et al., 2011) reveal pulsation amplitudes down to nprecedented lev ls (<
0.01%), an s the appa ent impurity of the strip might instead be an observational bias
against low-amplitudes.
Pulsat rs display a wid variety of pulsation spectra, as illustrated in Figure 1.4. Som
have extremely simple temporal spectra dominated by only a few freque cies (e.g., HS
0444+0458, Reed et al. 2007). Most, however, are multi-mode pulsators displaying several
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Figure 9. Schematic representation of the temporal spectra of sdBV stars with follow-up data ordered by log g (from lowest to highest). Blue
arrows indicate frequencies that are not regularly detected and green arrows for PG 0014 indicate frequencies only detecting using ULTRACAM.
Shown here are the stars with lower gravities.
In the right panel, we have rescaled pulsation frequencies by 1/g0.75 (assuming constant mass)
which is an adjustment for both size and density using just log g. For the three sdBV stars without
measured gravities, we estimated the gravity from the position of the shortest frequency compared
to pulsators with known gravities. These assumed gravities are provided in parentheses in Fig. 11
and Table 6. Such a study of pulsating white dwarfs revealed groups of frequencies which could
then be related to individual modes (Clemens 1994). However, as evidenced by the summation of
the right panel, no such groupings occur. The horizontal line just above the summation frequencies
(right panel of Fig. 11) shows the effect of an error of log g = 0.05 in the rescaling. It is therefore
possible that any groups are being smeared out by measurement errors in log g. We attempted to
correct for this by fixing the lowest modified frequency to a given value, but no corrections or fixed
reference values of log g show reasonably-separated grouping that could be of use.
Relative pulsation amplitudes: The line lengths in Figs. 9 through 11 indicate another feature
that is observed about half the time; one or two amplitudes are significantly higher than the rest.
Figure 1.4: Schematic representations of the temporal spectra of several sdBVr stars. Taken
from Figure 9 of Reed et al. (2007)
pulsations frequencies with a large range of amplitudes. Baran (2009), for example, detected
nearly 100 independent oscillation modes in the hybrid pulsator Balloon 090100001. Re-
solving such dense pulsation spectra requires large amounts of observing time with as few
interruptions as possible; the Whole Earth Telescope, a world-wide network of telescopes,
was originally established to address these criteria in studies of white dwarfs (Nather et al.,
1990).
When considering the ensemble of all known sdBVr stars, only a few correlations stand
out. Reed et al. (2007) analyzed the pulsational properties of all known sdBV stars at the
time and found periods tend to decrease with increasing surface gravities and temperatures.
Additionally, the ratio of high-amplitude modes to total number of modes in a star appears to
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be weakly correlated with log g: the highest-gravity pulsators tend to have amplitudes evenly
distributed between frequencies while lower-gravity sdBVs show a more uneven distribution.
Interestingly, almost all pulsators observed for two or more seasons show amplitude varia-
tions (Kilkenny, 2010). Whether they represent intrinsic variations in the star or beating due
to unresolved, closely-spaced frequencies remains to be seen.
Observations of sdBV pulsations are not limited to photometric studies; surface motions
in the atmosphere can be observed through radial velocity measurements. Such spectroscopic
analyses have been carried out for several sdB stars and show velocity variations at the same
frequencies as modes in the light curve but out-of-phase by approximately 90 degrees (e.g.,
O’Toole et al. 2000; Telting & Østensen 2004). Te f f and log g variations during a pulsation
cycle as small as 100 K and 0.01, respectively, have even been measured through line profile
variations (Tillich et al., 2007).
1.4.2 Theory
Contemporaneous with the discovery of the first pulsator, Charpinet et al. (1997, 1996)
predicted the existence of a class of pulsating sdB stars based on the presence of acoustic
modes in the envelopes of their model stars at the right temperatures and surface gravities.
The oscillations they found were driven by a κ-γ mechanism associated with an opacity
bump in a region of the star where iron-group elements are partially ionized. Under the right
conditions, these layers can act like heat engines. A perturbation leading to a compression
of the gas increases the surrounding pressure, causing the opacity to go up. Since the gas is
more opaque, it traps more energy radiating outwards from the core and builds up excess heat.
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A subsequent expansion driven by this buildup pushes the gas beyond its equilibrium state,
decreases the opacity, and allows the excess energy to escape. The layer then contracts again
to start the cycle over. Both radial and non-radial pulsations can be driven by this process
and are referred to as p-modes since pressure acts as the restoring force. The opacity bump
in the partial ionization zone is fundamental to this picture, and its sensitivity to temperature
gives rise to the instability strip.
The oscillations themselves are modeled using a superposition of spherical harmonics
defined by their degree (l), order (m), and radial order (k). l counts the number of nodal lines
on the surface, while m counts those intercepting the rotational axis of the star. The radial
order k represents the number of nodal lines in the radial direction. The total brightness
observed represents an integration of the flux over the entire surface. For this reason, modes
with high-l display small observable amplitudes. A star pulsating with multiple modes shows
total brightness variations that can be represented using a superposition of sine waves with
different frequencies, amplitudes, and phases.
Models are able to reproduce periods almost identical to those observed (Fontaine et al.,
2008), but the calculated instability strip has a broader range of temperatures than the em-
pirical one. Moreover, the pulsation models cannot explain why pulsators and non-pulsators
with the same physical parameters co-exist in the empirical instability strip. Small changes
in the amount of iron available in the partial ionization zone, whether due to weak winds or
other phenomena, however, could greatly affect the driving of modes and might explain this
phenomenon (e.g., Charpinet et al. 2001; Jeffery & Saio 2007).
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1.4.3 The Profit of Pulsations
The discovery of the first pulsator opened up the prospect of studying the structure and
interiors of hot subdwarfs using their pulsations. Just as geophysicists infer the interior struc-
ture of the earth by monitoring the propagation of vibrations along the crust and comparing
them to models, astronomers gain insight into stellar interiors by monitoring the pulsations
of stars. This research domain, called asteroseismology, has shed light on the Sun, white
dwarfs, RR Lyraes, and Cepheids, among other types of puslators. By matching observed
pulsation periods with computed modes, one can derive fundamental parameters including
mass, radius, temperature, surface gravity, and envelope mass. Measurements of these pa-
rameters, especially the mass, provide excellent tests of binary population synthesis models
and help constrain their relative contributions. The first effective application of asteroseis-
mology to a hot subdwarf was carried out on PG 0014+067 by Brassard et al. (2001), and
since then, solutions have been derived for at least 12 stars. In the case of PG 1336-018, an
eclipsing binary with a pulsating sdB star, the seismic analysis was found to be consistent
with an independent binary light curve analysis (Charpinet et al., 2008).
Although powerful, seismological techniques cannot be applied to all pulsating sdB stars.
Identification of the l and m of the modes, a pre-requisitie for period-matching techniques,
can be achieved by modeling the pulsational amplitudes at different wavelengths (see Trem-
blay et al. 2006 for a summary). Unfortunately, few studies are able to report convincing l
identifications since some l values, most notably l=1,2, & 3, have nearly identical color de-
pendencies (Ramachandran et al., 2004) and amplitude limits are generally not good enough
to discriminate between these possibilities. Baran et al. (2008) demonstrated that time-
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resolved spectroscopy can be combined with multi-color photometry to almost guarantee
identification, but this method is restricted to only the brightest pulsators for which high S/N
spectroscopy can be obtained. The rare case of a radially-pulsating sdB star with a single
mode offers an opportunity to apply the Baade-Wesselink method (Baade, 1926; Wesselink,
1946), which can be used to determine the mass, radius, distance, and density. We present
the first application of this method to an sdB star in Chapter 3.
Pulsation modes can reveal interesting information even for those stars not worthy of full
asteroseismic analyses. Rotation rates of sdBs can be determined by investigating small fre-
quency splittings of non-radial oscillation modes. Pulsations can also reveal small structural
changes exhibited by a star as it evolves. Analogous to the change in pitch of a vibrating
string upon varying its length, stellar pulsation spectra evolve with the structure of stars.
Once helium becomes depleted in the cores of sdB stars, they begin to contract, and the fre-
quency of acoustic oscillations increases. Charpinet et al. (2002) calculated values of P˙ for
p-modes (their Appendix C) for representative models at different ages and find typical val-
ues around 10−12. Measurements of period changes help constrain their evolutionary models
but are difficult to make.
Lastly, pulse timing measurements provide an opportunity to help assess the binary nature
of hot subdwarfs. The compact structure of pulsating sdB stars makes their oscillation periods
extremely stable, and for this reason, it is possible to measure small changes in the pulse
timings indicative of binary reflex motion or changing pulsation periods. Once a set of model
predictions has been made for the arrival times of photons, observations can be compared to
these predictions, and the deviations from the model are plotted as a function of time in
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an observed-calculated (O-C) diagram (see Sterken 2005 for an overview of this method).
Silvotti (2007) applied the pulse timing method to V391 Peg and reported the discovery of
a 3.2 MJ mass planet in a 3-year orbit. Although the technique shows great potential for
detecting companions with orbital parameters out of reach of radial velocity seaches, no
independent observations have verified that the pulsations of sdB stars are adequate for the
method. We address this issue in Chapter 5.
1.5 Plan of this Work
The work in this thesis was originally motivated by two connected questions: “Are all
hot subdwarfs in binary systems?” and “What are the masses of hot subdwarfs?” As pulsat-
ing hot subdwarfs provide more observational avenues for addressing these questions than
their constant counterparts, we decided to conduct a survey for new pulsating sdB stars with
PROMPT. Chapter 2 discusses the nature of this survey and its findings. Specifically, we
were hoping to find pulsators with oscillations that lend themselves to the fruitful observa-
tional analyses discussed in §1.4.3. As luck would have it, one of the first sdB targets we
observed, CS 1246, proved to be a new pulsator fulfilling this role. The remainder of this
thesis centers around studies of this star.
In Chapter 3 we apply the Baade-Wesselink method to CS 1246 using time-series spec-
troscopy from the SOAR telescope and derive its mass, radius, and distance. This is the first
time this technique has been applied to an sdBV star. Our study paves the way for future
applications of the method to radially-pulsating sdBV stars, which may provide some of the
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most precise measurements of an sdB mass ever made5.
Taking advantage of the simple pulsation spectrum of CS 1246, we were able to use pre-
cise measurements of the pulse arrival times to look for slow evolutionary changes in the
structure of the star and for the presence of binary companions. In Chapter 4 we present over
a year’s worth of pulse timings, from which we constructed an O-C diagram revealing the
presence of an undetectable M-dwarf or white dwarf. This represents the first unambiguous
detection of a binary companion around a hot subdwarf using this method. We verify this
result in Chapter 5 using precise radial velocity measurements from the Goodman Spectro-
graph on the SOAR telescope. Our study demonstrates that the rapid pulsations of sdB stars
are adequate clocks for the detection of unseen companions down to planetary-size.
5except in the case of double-lined eclipsing binaries.
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Chapter 2
A Survey for Pulsating sdB Stars with
PROMPT
“Constant stars are awful.”
– Mike Breger
Although more than one hundred sdBV stars have been found to date, information cannot
be extracted from all of them. Many oscillate with amplitudes too small to be useful. Those
with reasonable amplitudes (>0.5%) display a wide-variety of characteristics. Pulsators with
only a few, well-separated modes are excellent for measuring small frequency changes and
phase variations, as long as their amplitudes are reasonably stable. The extreme case of a
pulsator with a single, large-amplitude mode could provide direct mass and radius measure-
ments via the Baade-Wesselink method, but no good candidate for this technique has been
found. Simple pulsators are not great candidates for the period-matching techniques used in
asteroseismology, however, which are better-suited to stars with rich pulsation spectra. Here
we present results of a survey carried out with PROMPT to look for new variable and pul-
sating hot subdwarf stars in the Southern-hemisphere. CS 1246, a new rapidly-pulsating sdB
star uncovered in our work, is one of the most exciting hot subdwarf stars found to date and
the subject of Chapters 3, 4, & 5.
2.1 Target Selection
As hot subdwarf stars represent the majority of faint blue stars in the Galaxy brighter
than B ' 18, they are available from numerous surveys. Targets for our survey were selected
from three primary sources: (i) the Online Subdwarf Database, an electronic catalog listing
nearly than 2500 hot subdwarfs of every spectral class (Østensen, 2006), (ii) the Sloan Dig-
ital Sky Survey, and (iii) unpublished stars in Zone 2 of the Edinburgh-Cape Survey, which
were kindly provided to us by Dave Kilkenny of the University of the Western Cape. The
primary source used is the Online Subdwarf Database, which compiles hot subdwarfs from
the Palomar Green (49%), Edinburgh-Cape (14%), and BPS (14%) surveys.
As discussed in the preceding chapter, sdBVr stars plotted in the log g-Te f f plane cluster
together in an empirical instability strip. Many past surveys have utilized this information
by selecting only candidates falling within this region (Bille`res et al., 2002; Østensen et al.,
2010b). We, however, do not implement this criterion for two reasons: atmospheric fits
are not available for many of the targets and exciting, new discoveries might be missed by
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remaining biased towards the instability strip. Our only selection criteria were practical in na-
ture, governed by the aperture of the PROMPT telescopes and their location. We chose stars
that were in the Southern-hemisphere, brighter than V=15.5, and classified as hot subdwarfs.
2.2 Observations, Reductions, & Analyses
We obtained time-series photometry on each candidate pulsator using one of the PROMPT
telescopes1 (Reichart et al., 2005). Depending on the brightness of the target, we gathered
1-5 hours of photometry on each target using exposure times of 15-40 seconds. An additional
six seconds of dead time for readout and processing resulted in cycle times of 21-46 seconds
(71-87% duty cycle). In almost all cases, no filter was used in order to maximize the num-
ber of counts. Although an observed pulsation amplitude can vary greatly with wavelength,
usually being largest in the blue, the pulsation phase generally does not change significantly
with waveband (Randall et al., 2005). If there were a strong wavelength dependence on the
phase, a filter with too large a bandpass (or no filter) could partially wash out the pulsations.
In order to create light curves from the raw images, we extracted photometry using the
external IRAF package CCD HSP2, developed by Antonio Kanaan, and a photometry pro-
gram we wrote in IDL that uses the function APER3. We computed signal-to-noise (S/N)
estimates with different-sized apertures and used the aperture that maximized the S/N in the
light curve (Howell, 1989). We divided our light curves by those of constant comparison stars
to remove small-scale variations in the sky transparency and corrected atmospheric extinction
1One star, JL 166, was observed with SOAR.
2CCD HSP employs the aperture photometry preferred by O’Donoghue et al. (2000)
3 APER is based on DAOPHOT (Stetson, 1987)
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The Survey Dataset
Number of target fields: 212
Number of exposures: 63,607
Number of telescopes: 4
Total integration time: 615 hours
Size of data set: 65 GB
Table 2.1: Summary of Survey Observations
effects to first-order by fitting and normalizing the curves with parabolas. This normaliza-
tion may remove real variations in the stellar brightness on the order of our run lengths, and
consequently, our survey is not designed to detect the low-amplitude, long-period variations
associated with g-mode instabilities.
We analyzed each reduced light curve by computing its discrete Fourier transform (FT)
using tools including WQED (Thompson & Mullally, 2009), Period04 (see Lenz & Breger
2005), and a suite of programs we wrote in IDL. Investigating the amplitude spectra created
from these FTs may reveal periodicities in the light curve that are not apparent to the eye. For
each target, we computed the mean noise level and highest peak in the amplitude spectrum
from 1000 µHz out to the Nyquist frequency4. The frequency regime below 1000 µHz was
ignored due to the normalization procedures discussed earlier. By considering how high
above the mean noise level the largest peak was, we determined whether the star represented
a new pulsator (or variable), needed additional follow-up to determine its status, or was
observed not to vary (NOV) within our detection limits.
4The Nyquist frequency is half the sampling frequency of the data. For example, a dataset with a 36-s
sampling interval has a Nyquist frequency of (2 × 36s)−1 = 13888µHz
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2.3 Noise and False Alarms in the Data
Several phenomena can masquerade as stellar pulsations and are worth discussing briefly.
The first and most troublesome for our survey is a small, periodic mount wobble associated
with the PROMPT telescopes with a period of 150 s and amplitude around an arcsecond in
the images. This movement, albeit a small one, periodically elongates the shapes of objects
as they appear on the CCD. If the aperture used to measure stellar flux does not encompass
the entire star when it is most elongated, one will underestimate the flux in that particular
frame. The Fourier transform is quite sensitive to such changes and shows a large peak at
the telescope wobble frequency (6667 µHz). Unfortunately, 150 s falls right in the middle
of observed sdBV periods, and so we are cautious when dealing with peaks in the FT near
this frequency. We can usually decide whether a peak is wobble-induced by its response to
changes in the apertures size; the signal disappears quickly as the aperture size is increased
to extremely large values encompassing the elongation region.
Sky variations can also produce peaks in the amplitude spectra. While such variations are
typically incoherent, rows of thin clouds passing across the field of view can generate periodic
variations in the flux. Sky variations are typically removed through division of constant
comparison star light curves, but color differences between the target and comparisons can
leave residual flux variations in the reduced light curve. We can usually recognize such
residuals by comparing their patterns to raw, undivided light curves taken on that night.
Lastly, noise itself can produce peaks in the FT resembling a stellar pulsation. If a ques-
tionable signal is found in the FT of a single night’s light curve, we evaluate its significance
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by calculating the false alarm probability, the odds of a peak with some amplitude occur-
ring by chance within a particular frequency range (Horne & Baliunas, 1986). Additional
follow-up photometry is the easiest way to address the nature of questionable peaks and is
the procedure we followed when possible.
2.4 Survey Results
In total, we checked 212 hot subdwarfs for variability using the PROMPT telescopes over
a period of two years. Appendix A presents a log of all survey observations. Our complete
dataset consists of over 63,000 individual exposure taken primarily with PROMPT 3 and
represents over 600 hours of time-series photometry. Figure 2.1 shows the locations of our
targets in Galactic coordinates; most of our targets are located at Southern Galactic latitudes.
The North and South celestial poles and the celestial equator are marked in blue for reference.
Figure 2.2 summarizes the quantitative results of our survey, which are also presented in
tabular format in Appendix A. The bottom panel shows a histogram of the mean noise levels
achieved in all of our survey light curves; the median is less than 0.1%, much lower than
typical pulsation amplitudes of sdBVr stars but an order of magnitude higher than the low-
amplitude sdBV modes recently detected by Kepler. The top panel of Figure 2.2 plots the
largest peak detected in each target’s FT against the mean noise level. 3- and 4-σ detection
levels are marked with dotted and dashed lines, respectively.
Almost all stars in our survey were not observed to vary (NOV). The detection thresh-
olds for each target depended upon many variables, most notably the magnitude of the star,
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Figure 2.1: Targets observed in our survey (red circles) plotted over all hot subwarfs in the
Online Subdwarf Database (black points). The celestial poles and equator are marked in blue
for reference. EC Zone 2 targets easily stand out as a band of points in the lower right.
Sample Size Variables Fraction Selection Criteria
South Africa 1200 20 1.7 none
Bille´res 74 4 5.4 Te f f
Dreizler 12 1 8.3 Te f f
Østensen 309 24 7.8 Te f f
THIS WORK 212 6 2.8 none
Table 2.2: Yields of sdBV Surveys
weather conditions, and total length of the run. Although one would typically expect a cor-
respondence between the brightest stars and lowest detection limits, this was not always the
case since brighter targets were often observed for a shorter amount of time and weather
conditions varied greatly from night to night.
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Figure 2.2: (Top) Maximum amplitude detected in the FT of each target’s light curve plot-
ted against the mean noise level. Dotted and dashed lines represent the 3- and 4-σ levels,
respectively. Variables and pulsators found in the survey are plotted as red stars. (Bottom)
Histogram of the mean noise levels of all survey observations.
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sdB Target Field Variable Type Period Peak-to-Peak Amplitude
HE 0231-3441 δ Scuti 50.5 min ' 20%
HE 0307-4554 unknown > 3 hours > 15%
HE 0340-3820 unknown > 2 hours 10%
HE 0444-4945 RR Lyrae? > 4 hours > 50%
HE 0505-3833 RR Lyrae? > 3.5 hours > 40%
planet transit/eclipse? > 4 hours 7.5 %
EC 04582-5357 unknown > 1.25 hours > 6%
EC 05282-3316 eclipse? > 3 hours > 10%
EC 05395-4246 δ Scuti? ' 3 hours 10%
EC 19269-6231 unknown > 2 hours > 2%
EC 19385-5259 unknown > 2 hours > 2%
Table 2.3: Non-sdB variables uncovered in our survey, listed according to the sdB target field
they fell in. Constraints on their periods and amplitudes based off of the light curves are
shown.
2.5 Consolation Prizes
Occasionally, a star we tried to use as a constant comparison star turned out to be a
variable itself. As almost all of the sdB targets (the primary targets) were not observed to
vary, we refer to these new non-sdB variables as ‘consolation prizes.’ Although they are not
directly related to the topic of this dissertation, they may prove to be interesting additions to
their respective variable star classes. We have found at least ten such stars and list them in
Table 2.3 along with the type of variable we believe them to be. Unless they shared the field
with a variable hot subdwarf, follow-up light curves were not obtained.
2.6 Notable Detections
Targets marked with star symbols in Figure 2.2 represent confirmed or candidate variable
and pulsating stars uncovered by our survey and fall well above the 4-σ line, as one would
expect. They are listed in Table 2.4. Of these six systems, two are pulsators that were already
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Target Name Type Comments
CS 1246 sdBVr new pulsating subdwarf B star
EC 10246-2707 sdB+dM new eclipsing binary system
HE 0230-4323 sdBVr published contemporaneous with our discovery (Kilkenny et al., 2010)
HE 0341-2449 sdBVr candidate pulsating sdB; period close to mount wobble
JL 166 sdBVr new pulsating subdwarf B star; discovered with the SOAR telescope
PHL 252 sdBVr already published under EC 22221-3152 alias (Kilkenny et al., 2009)
Table 2.4: Notable Survey Detections
known or published contemporaneously with our discovery. We briefly discuss the other
targets in the sections that follow.
2.6.1 JL 166
JL 166 was the first pulsating hot subdwarf we discovered5. In fact, it was the first
hot subdwarf our group observed for variability. Although we knew JL 166 had atmospheric
parameters placing it in the instability strip (Heber, 1986), our discovery was surprising since
only one in ten stars in the strip pulsates. Moreover, Arlo Landolt had recently listed the
star as a candidate photometric standard (Landolt, 2007) and was planning on follow-up
observations to seal its status as one (priv. comm.) until we informed him of its variability.
Figure 2.3 shows the discovery light curve taken with SOAR, which shows beating due
to multiple pulsation frequencies. Although the pulsations were uncovered using SOAR, we
could have discovered it with PROMPT, given the star’s brightness and pulsation amplitude.
To test this, we re-observed it with PROMPT and re-discovered its pulsations using our de-
tection criteria. From two nights of SOAR data, we found at least 10 independent pulsation
modes with amplitudes range from 0.09% to 0.4%. The presence of the He II line at 4686
Å helped us precisely determine the star’s temperature via measurements of the He I/He II
5This work was first published in the Astronomical Journal (Barlow et al., 2009)
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No. 2, 2009 DETECTION OF PHOTOMETRIC VARIATIONS IN JL 166 687
Figure 1. Light curves for JL 166 from 2008 September 17 (left panel) and October 14 (right panel). Small-scale variations in the sky transparency were removed
by dividing the light curves by those of constant comparison stars. The light curves were then normalized with parabolas in order to remove atmospheric extinction
effects. The data are presented unsmoothed.
Table 1
Time-series Photometry Log
UT Date Start Time Texp Tcycle Length Filter
(2008) (UTC) (s) (s) (hr)
Sep 17 00:57:56 10 13 2.21 S8612
Oct 14 00:00:00 10 13 2.22 S8612
the SOAR Telescope focal plane with a focal reduction of three
times, resulting in a plate scale of 0.15 arcsec pixel−1. The
camera houses a 4k × 4k Fairchild back-illuminated CCD with
electronics and dewar provided by Spectral Instruments, Inc.
Using optics of fused silica, NaCl, and CaF2, the entire system is
optimized for high throughput from 320 to 850 nm. See Clemens
et al. (2004) for further details on the spectrograph.
We observed JL 166 on two engineering nights in 2008
September and October, obtaining uninterrupted runs of over
2 hr on each night. Each run was obtained through a red-blocking
S8612 filter, which has a bandpass of 300–700 nm. To minimize
the processing time between exposures yet keep the read noise
low, we read out a small subsection of the CCD (approximately
500 × 500 pixels binned 2 × 2) and used a readout speed of
100 kHz. Each exposure had an integration time of 10 s, resulting
in a cycle time of ∼13 s. Table 1 summarizes the details of our
photometric observations.
In order to obtain light curves from the raw images, we
extracted our photometry using the external IRAF package
CCD_HSP developed by Antonio Kanaan, which employs the
aperture photometry preferred by O’Donoghue et al. (2000).
Aperture widths were chosen to maximize the signal-to-noise
ratio in the light curves and were approximately 1.7 times the
seeing width. To subtract the sky from each stellar aperture,
we used sky annuli with widths of 1.5 arcsec that started
approximately 4.5 arcsec from the centers of the stars. We
divided our light curves by those of a constant comparison
star to remove small-scale variations in the sky transparency.
The comparison star used is located approximately 02′ 39.′′4
southwest of JL 166 and was the only one present in our frames
with an adequate signal-to-noise ratio. Atmospheric extinction
effects were corrected by fitting and normalizing the curves
with parabolas. We note that this normalization may remove
real variations in the stellar brightness on the order of our run
length. Due to superb telescope guiding, we did not flat-field or
Figure 2. Fourier amplitude spectra for the complete light curves from 2008
September 17 (top) and October 14 (bottom) in the 0–35 mHz bandpass.
bias-subtract any of the frames. The reduced light curves for JL
166 are presented in Figure 1.
We analyzed our reduced light curves by combining Fourier
analysis and least-squares fits in a standard manner using
Period04 (see Lenz & Breger 2005 for program details). As our
two observing runs were separated by a month, the light curves
were analyzed on a night-by-night basis. The amplitude spectra
are displayed in Figure 2. We used a prewhitening technique to
perform our temporal analysis, fitting the largest signal in the
amplitude spectrum, subtracting the fit from the data, and re-
calculating the Fourier transform of the residual light curve. We
repeated this process until the candidate peaks had confidence
levels below 99%, as given by the statistical test proposed
by Koen (1990). After each iteration we applied a nonlinear,
least-squares fitting routine to simultaneously fit the periods,
amplitudes, and phases of the isolated frequencies. Figure 3
shows the amplitude spectra at various stages of this iterative
process. The extracted frequencies are printed in Table 2 and
are each labeled fj , where j is ordered in terms of decreasing
average amplitude. The errors shown are derived from the least-
squares fits; the actual errors may be larger by a factor of 3 (see
Montgomery & O’Donoghue 1999).
The multiperiodic nature of JL 166 is apparent from the
amplitude spectrum of the complete light curve. We report
Figure 2.3: Light curves for JL 166 from 2008 September 17 (left panel) and October 14
(right panel). Small-scale variations in the sky transparency were removed by dividing the
light curves by those of constant comparison stars. The light curves were then normalized
with parabolas in order to remove atmospheric extinction effects. The data are presented
un-smoothed.
ratio. JL 166 turned out to be one of the hottest pulsating sdB stars known and helps to define
the hot edge of the empirical instability strip.
2.6.2 EC 10246-2707
Although it does not exhibit rapid pulsations, EC 10246-2707 has quite an interesting
light curve. Figure 2.4 shows example data taken with PROMPT through four different pass-
bands simultaneou ly. Deep primary eclipses and secondary eclips s are seen in addition
to a sinusoidal flux oscillation caused by a reflection effect; the period is approximately 2.9
hours. Together, these observations imply EC 10246-2707 is a close sdB+M dwarf binary
system, the ninth found to date. Time-seri s spectroscopy taken with the Goodman pectro-
graph reveals an orbital velocity near 70 km s−1 for the sdB primary. Several studies have
shown that modeling the light and radial velocity curves in these systems can provide precise
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Figure 1. Radial velocity curve (plotted twice). Top panel: Ra-
dial velocities obtained from our 3-hr, continuous time-series spec-
troscopy. THe solid line denotes the best-fit sine wave to the data.
Bottom panel: Residuals after subtracting the best-fit sine wave
from the data. The mean noise level is 10 km s−1
EG 21 and used them to flux-calibrate the spectra of EC
10246.
2.2 Spectrophotometry
2.3 Radial velocity curve
From the radial velocity curve we found the semi-amplitude
to be K1 = 71.6 ± 1.7 km s−1
2.4 Atmospheric Parameters
3 PHOTOMETRY
3.1 Observations and reductions
3.2 Ephemeris
HJD = (23454325.020 ± 232) + (0.1012 ± 0.0001)xE (1)
3.3 Eclipse modeling
M1 ∗ (qsini)3
(1 + q)2
=
K31P
9651904
(2)
blah blah blah
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Figure 2. Simultaneous, multi-colour photometry of EC 10246-
2707 obtained with PROMPT on 2010-12-15. Light curves were
taken through the B,V,R, and I filters with PROMPT 3,
PROMPT 1, PROMPT 4, and PROMPT 5, respectively. A con-
temporaneous light curve was obtained through the B filter with
the SOAR telescope and is shown in Figure blah.
Table 2. EC 10246-2707 System Parameters
System Parameters
Period 0.119823 ± 0.00001 days
T0 1.0 ± 0.4 days
a 450 ± 30 R!
d 0.4 ± 2 pc
sdB primary
Teff 28000 ± 4500 K
log g 5.4 ± 0.3 cm s−1
log N(He)/N(H) -2.0 ± 0.2
K 90 ± 2 km s−1
Vrot 45 ± 2 km s−1
L 30 ± 1 L!
MV 4.5 ± 0.1 M!
R1 0.28 ± 0.2 R!
M1 0.28 ± 0.3 M!
M-dwarf secondary
Teff 300 ± 4500 K
log g 5.1 ± 0.3 cm s−1
K 90 ± 2 km s−1
Vrot 45 ± 2 km s−1
L 30 ± 1 L!
MV 4.5 ± 0.1 M!
R2 0.28 ± 0.2 R!
M2 0.28 ± 0.3 M!
the SOAR operators Alberto Pasten, Patricio Ugarte, Daniel
Maturana, and Sergio Pizarro. The SOAR telescope is oper-
ated by the Association of Universities for Research in As-
tronomy, Inc., under a cooperative agreement between the
CPNq, Brazil, the National Observatory for Optical Astron-
omy (NOAO), the University of North Carolina, and Michi-
gan State University, USA.
Figure 2.4: Simultaneous, multi-color ph tometry of EC 10246- 2707 obtained with
PROMPT on 2010-12-15. Light curves were taken through the B, V, R, and I filters with
PROMPT 3, PROMPT 1, PROMPT 4, and PROMPT 5, respectively. Curves are offset from
one another by 0.5 for better visualization.
measurements of the mass and radius (For, 2010), an endeavor we are currently undertaking
with EC 10246-2707.
2.6.3 HE 0341-2449
This sdB shows a 5.3-mma6 peak in its amplitude spectrum nearly 7-σ above the mean
noise level. Although the false alarm probability is extremely low, we hesitate to claim
this signal as real since its period, 150.9 s, falls uncomfortably close to the 150-s period
of the PROMPT mount wobble. The behavior of the peak in the FT as the aperture size
is changed argues for a stellar origin since its amplitude does not sharply decrease with
increasing aperture size. A confirming time-series photometry run with a different telescope
is needed to verify the true origin of this signal.
6Milli-modulation amplitude (mma), or parts-per-thousand. 10 mma corresponds to 1%
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Figure 1. Radial velocity curve (plotted twice). Top panel: Ra-
dial velocities obtained from our 3-hr, continuous time-series spec-
troscopy. THe solid line denotes the best-fit sine wave to the data.
Bottom panel: Residuals after subtracting the best-fit sine wave
from the data. The mean noise level is 10 km s−1
EG 21 and used them to flux-calibrate the spectra of EC
10246.
2.2 Spectrophotometry
2.3 Radial velocity curve
From the radial velocity curve we found the semi-amplitude
to be K1 = 71.6 ± 1.7 km s−1
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Figure 2. Simultaneous, multi-colour photometry of EC 10246-
2707 obtained with PROMPT on 2010-12-15. Light curves were
taken through the B,V,R, and I filters with PROMPT 3,
PROMPT 1, PROMPT 4, and PROMPT 5, respectively. A con-
temporaneous light curve was obtained through the B filter with
the SOAR telescope and is shown in Figure blah.
Table 2. EC 10246-2707 System Parameters
System Parameters
Period 0.119823 ± 0.00001 days
T0 1.0 ± 0.4 days
a 450 ± 30 R!
d 0.4 ± 2 pc
sdB primary
Teff 28000 ± 4500 K
log g 5.4 ± 0.3 cm s−1
log N(He)/N(H) -2.0 ± 0.2
K 90 ± 2 km s−1
Vrot 45 ± 2 km s−1
L 30 ± 1 L!
MV 4.5 ± 0.1 M!
R1 0.28 ± 0.2 R!
M1 0.28 ± 0.3 M!
M-dwarf secondary
Teff 300 ± 4500 K
log g 5.1 ± 0.3 cm s−1
K 90 ± 2 km s−1
Vrot 45 ± 2 km s−1
L 30 ± 1 L!
MV 4.5 ± 0.1 M!
R2 0.28 ± 0.2 R!
M2 0.28 ± 0.3 M!
the SOAR operators Alberto Pasten, Patricio Ugarte, Daniel
Maturana, and Sergio Pizarro. The SOAR telescope is oper-
ated by the Association of Universities for Research in As-
tronomy, Inc., under a cooperative agreement between the
CPNq, Brazil, the National Observatory for Optical Astron-
omy (NOAO), the University of North Carolina, and Michi-
gan State University, USA.
Figure 2.5: Radial velocity curve of EC 10246-2707 (plotted twice). Top panel: Radial
velocities obtained from our 3-hr, continuous time-series spectroscopy. The solid line denotes
the best-fit sine wave to the data. Bottom panel: Residuals after subtracting the best-fit sine
wave from the data. The mean noise level is 10 km s−1
2.6.4 CS 1246
The most interesting object discovered in our survey is CS 1246, an sdBVr star with an
amplitude around 2% and period just over ix minutes. Figure 2.6 shows the discovery light
curve and its FT. The remainder of this thesis focuses on studies of its pulsations.
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Photometry and spectroscopy of CS 1246 3
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Figure 1. Light curve (upper panel) and amplitude spectrum
(lower panel) of the discovery run data from 2009 March 30. The
light curve was produced from V-filtered data and is presented
unsmoothed.
Table 1. Characteristics of the PROMPT CCDs
Telescope Size Pixel Scale Gain Readnoise
(pix) (arcsec/pix) (e−/ADU) (e−)
PROMPT 2 3k x 2k 0.41 1.6 8.3
PROMPT 3 1k x 1k 0.59 1.6 8.3
PROMPT 4 1k x 1k 0.59 1.4 7.6
PROMPT 5 1k x 1k 0.59 1.4 9.2
North Carolina Men’s Basketball team at the 2009 NCAA
National Championship. Obtaining the data presented in
§3.2 using classical observing methods would have been an
expensive and time-consuming undertaking. For additional
details on PROMPT and SKYNET, refer to Reichart et al.
(2005).
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Figure 2. CS 1246 field. Image shown is a stack of 30 40-s V-band
frames taken with PROMPT 4. CS 1246 is indicated with a star
while the comparison stars are marked with circles and labeled
C1-C9.
3.2 Observations and reductions
PROMPT obtained multi-colour photometry simultane-
ously through the u’, g’, r’, and i’ filters on 2009 April 4,
5, and 6 using all available telescopes. Table 2 presents a
detailed log of these observations. The CCD parameters of
the PROMPT telescopes (Table 1) and SKYNET overhead
resulted in duty cycles of 94%, 80%, 89%, and 89% for the
u’, g’, r’, and i’ filter data sets, respectively, during the con-
tinuous portions of the runs. Although the majority of the
runs were uninterrupted, each data set contains an approx-
imately 15-minute long gap due to the inability of the eq-
uitorial mounts to track through the meridian. Additional
40-minute gaps are present in the u’ and g’ data from 2009
April 6. In total, our 3-day photometry campaign produced
113 hours of data with 7291 useable frames.
After bias-subtracting, dark-subtracting, and flat-
fielding the frames with IRAF using conventional proce-
dures, we extracted our photometry using the external IRAF
package CCD HSP written by Antonio Kanaan. Aperture
radii were chosen to maximize the signal-to-noise (S/N) ra-
tio in the light curves and were always less than the seeing
width. We used sky annuli to subtract the sky counts from
each stellar aperture, being sure to avoid contamination of
the annuli with other stars in the field. We divided the sky-
subtracted light curves by an average of constant comparison
star light curves to correct for transparency variations; these
stars are labeled in the field image shown in Figure 2. Some
of them lacked an adequate S/N ratio through some filters
while saturating the CCD in others, and, consequently, we
employed different comparison stars for different filters (see
Table 2). We are confident that the results of our frequency
analyses are independent of the choices of the comparison
stars, as they all appeared to be constant. Atmospheric ex-
tinction effects were approximated and removed each night
by fitting and normalising the curves with parabolas. We
used the WQED suite (Thompson & Mullally 2009) to ana-
lyze the data and apply timing corrections to the barycentre
of the solar system. Figure 3 presents the full, differentially-
corrected light curves.
3.3 Frequency analysis
We analysed our reduced light curves using two tools: the
discrete Fourier transform and the least-squares fitting of
sine waves. WQED, again, was used to access these tools.
Figure 4a presents the amplitude spectra for the combined
light curves shown in Figure 3 along with their window func-
tions. The u’ and g’ amplitude spectra are plotted out to
their respective Nyquist frequencies, while the r’ and i’ spec-
tra are terminated at 10 mHz (beyond this point these spec-
tra are consistent with noise).
Inspection of the amplitude spectra reveals a single,
dominant mode at 2690.29 µHz (371.707s) with amplitudes
of 32.0 ± 1.5, 24.4 ± 0.9, 21.3 ± 0.3, and 20.6 ± 0.4 mma
in the u’, g’, r’, and i’ passbands, respectively. Table 3 sum-
marizes the results of the least-squares fits; the errors shown
are derived directly from the fits and assume uncorrelated
noise. The results of Montgomery & O’Donoghue (1999) im-
ply these errors may be larger by a factor of three. We detect
no phase differences between the four colour curves within
our level of precision. As the integration times of our expo-
Figure 2.6: Discov y light curve (upper panel) and FT (lower panel) of CS 1246.
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Chapter 3
Application of the Baade-Wesselink
Method to a Hot Subdwarf
“Knowing how hard it is to collect a fact, you understand why most people want
to have some fun analyzing it.”
– Jesse L. Greenstein
Here we present the analysis of multi-color photometry and time-resolved, medium-
resolution spectroscopy of the pulsating hot subdwarf star CS 12461. By applying the Baade-
Wesselink method to our data, we were able to measure the distance, radius, and mass of
the star. Our study is the first to apply this method to an sdBV star, and the results show the
mass and radius to be consistent with those calculated for other sdB stars in binaries and from
1This analysis was originally published in the Monthly Notices of the Royal Astronomical Society. (See
Barlow et al. 2010)
NE
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C9
Figure 3.1: CS 1246 field. Image shown is a stack of 30 40-s V-band frames taken with
PROMPT 4. CS 1246 is indicated with a star while the comparison stars are marked with
circles and labeled C1-C9.
theory. Future applications of this method to other radially-pulsating sdB stars should pro-
vide exquisite measurements of hot subdwarfs properties that can be compared to theoretical
predictions.
3.1 Simultaneous, Multi-color Photometry
3.1.1 Observations and Reductions
We obtained multi-color photometry of CS 1246 with PROMPT simultaneously through
the u’, g’, r’, and i’ filters on 2009 April 4, 5, and 6 using all available telescopes. Table
3.1 presents a detailed log of these observations. The CCD parameters of the PROMPT tele-
scopes and SKYNET overhead resulted in duty cycles of 94%, 80%, 89%, and 89% for the
u’, g’, r’, and i’ filter data sets, respectively, during the continuous portions of the runs. Al-
though the majority of the runs were uninterrupted, each data set contains an approximately
15-minute long gap due to the inability of the equitorial mounts to track through the merid-
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Table 3.1: Multicolor Photometry Observations Log
Start Timea Date Filter Telescope Texp Tcycle Length # Frames Comparison Stars
(UT) (UT) (s) (s) (hrs)
23:59:02.8 2009 Apr 04 u’ PROMPT 3 80 86 9.4 393 C1,C2,C9
00:57:03.3 2009 Apr 05 g’ PROMPT 2 40 52 8.7 592 C1,C2,C3,C4,C8,C9
00:01:47.7 2009 Apr 05 r’ PROMPT 4 40 47 9.6 710 C2,C3,C4,C5,C7
00:01:51.7 2009 Apr 05 i’ PROMPT 5 40 47 9.6 710 C2,C3,C4,C5,C6
23:57:56.0 2009 Apr 05 u’ PROMPT 3 80 86 9.4 380 C1,C2,C9
23:57:05.9 2009 Apr 05 g’ PROMPT 2 40 52 8.6 580 C1,C2,C3,C4,C8,C9
23:57:41.8 2009 Apr 05 r’ PROMPT 4 40 47 9.3 700 C2,C3,C4,C5,C7
23:57:38.9 2009 Apr 05 i’ PROMPT 5 40 47 9.3 700 C2,C3,C4,C5,C6
23:56:41.8 2009 Apr 06 u’ PROMPT 3 80 86 9.7 395 C1,C2,C9
23:55:47.2 2009 Apr 06 g’ PROMPT 2 40 52 9.7 663 C1,C2,C3,C4,C8,C9
23:56:36.1 2009 Apr 06 r’ PROMPT 4 40 47 9.7 735 C2,C3,C4,C5,C7
23:56:31.8 2009 Apr 06 i’ PROMPT 5 40 47 9.7 733 C2,C3,C4,C5,C6
aTime at midpoint of first exposure.
ian. Additional 40-minute gaps are present in the u’ and g’ data from 2009 April 6. In total,
our 3-day photometry campaign produced 113 hours of data with 7291 useable frames.
After bias-subtracting, dark-subtracting, and flat-fielding the frames with IRAF using
conventional procedures, we extracted our photometry using the external IRAF package
CCD HSP written by Antonio Kanaan. Aperture radii were chosen to maximize the signal-
to-noise (S/N) ratio in the light curves and were always less than the seeing width. We used
sky annuli to subtract the sky counts from each stellar aperture, being sure to avoid contam-
ination of the annuli with other stars in the field. We divided the sky-subtracted light curves
by an average of constant comparison star light curves to correct for transparency variations;
these stars are labeled in the field image shown in Figure 3.1. Some of them lacked an ade-
quate S/N ratio through some filters while saturating the CCD in others, and, consequently,
we employed different comparison stars for different filters (see Table 3.1). We are confident
that the results of our frequency analyses are independent of the choices of the comparison
stars, as they all appeared to be constant. Atmospheric extinction effects were approximated
and removed each night by fitting and normalizing the curves with parabolas. We used the
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Figure 3.2: Light curves of CS 1246 over 3 consecutive nights (left panels) taken simultane-
ously through the u’, g’, r’, and i’ filters (from top to bottom). These observations represent
a total of 113 hours of data taken with 7291 frames. Expanded views (right panels) of the
same 1.5-hour section of the curves are shown to illustrate the variable nature of the star.
WQED suite (Thompson & Mullally, 2009) to analyze the data and apply timing corrections
to the barycenter of the solar system. Figure 3.2 presents the full, differentially-corrected
light curves.
3.1.2 Frequency Analysis
We analyzed our reduced light curves using two tools: the discrete Fourier transform
and the least-squares fitting of sine waves. WQED, again, was used to access these tools.
Figure 3.3a presents the amplitude spectra for the combined light curves shown in Figure 3.2
along with their window functions. The u’ and g’ amplitude spectra are plotted out to their
respective Nyquist frequencies, while the r’ and i’ spectra are terminated at 10 mHz (beyond
this point these spectra are consistent with noise).
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Figure 3.3: Amplitude spectra of the combined light curves in the u’, g’, r’, and i’ filters
(from top to bottom) before (a) and after (b) pre-whitening of the main mode. The window
functions for each data set are shown in the right portion of (a). In the pre-whitened spectra,
the 3σ and 4σ levels are represented by dashed and dot-dashed lines, respectively, and the
position of the pre-whitened signal is marked with a vertical dashed line. The u’ and g’ spec-
tra are plotted out to their respective Nyquist frequencies. The r’ and i’ plots are terminated
at 10 mHz but are consistent with noise beyond this point.
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Inspection of the amplitude spectra reveals a single, dominant mode at 2690.29 µHz
(371.707s) with amplitudes of 32.0 ± 1.5, 24.4 ± 0.9, 21.3 ± 0.3, and 20.6 ± 0.4 mma in the
u’, g’, r’, and i’ passbands, respectively. Table 3.2 summarizes the results of the least-squares
fits; the errors shown are derived directly from the fits and assume uncorrelated noise. The
results of Montgomery & O’Donoghue (1999) imply these errors may be larger by a factor
of three. We detect no phase differences between the four color curves within our level of
precision. As the integration times of our exposures are significant fractions of the 371.7-s
period, we must take phase smearing into account. For any measured observable oscillating
with a period P and a physical amplitude A, a finite integration time I will result in a reduced
observed amplitude Ao given by
Ao =
P
piI
sin(
piI
P
)A, (3.1)
Baldry (1999) presents a discussion of phase smearing and a derivation of this equation. The
amplitudes we measure for the 371.7-s variation underestimate the physical amplitudes by
7.4% in the u’ filter and 1.9% in the g’, r’, and i’ filters. The smearing-corrected amplitudes
are 34.5 ± 1.6, 24.8 ± 0.9, 21.7 ± 0.3, and 21.0 ± 0.4 mma in the u’, g’, r’, and i’ filters,
respectively.
After fitting the dominant mode and subtracting the fit from the light curves, we recal-
culated the Fourier transforms of the residual light curves; they are shown in Figure 3.3b.
The mean noise levels in these pre-whitened u’, g’, r’, and i’ amplitude spectra are 1.9, 1.1,
0.3, and 0.5 mma, respectively. All of the spectra show a heightened noise level at extremely
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Table 3.2: Results of the least-squares fits to the light curves
Filter Frequency Amplitudeb Phasec
(µHz) (mma) (s)
u’ 2690.28 ± 0.10 32.0 ± 1.5 76.5 ± 2.8
g’ 2690.30 ± 0.08 24.4 ± 0.9 75.7 ± 2.2
r’ 2690.29 ± 0.03 21.3 ± 0.3 77.3 ± 0.8
i’ 2690.30 ± 0.05 20.6 ± 0.4 77.5 ± 1.2
b Not corrected for phase-smearing.
c Time of maximum measured from BJED 2454925.50315492.
low frequencies, but this is likely a side effect of our method for extinction removal. Beyond
the low-frequency regime, some of the pre-whitened spectra show peaks at or above the 3-σ
level. However, none of these periodicities were detected in more than one data set, whether
from night-to-night or from filter-to-filter, so we evaluate their signficance using the false
alarm probability (Horne & Baliunas, 1986). None of them meet our significance test of a
false alarm probability <1%. Moreover, the folded pulse shapes agree with that of a single
sinusoid to within the errors, implying a lack of harmonically-related frequencies in the light
curve.
The amplitude of the oscillation is strongly wavelength-dependent, as illustrated in Figure
3.4. The u’ amplitude is the largest, being 39%, 59%, and 64% greater than those in the g’,
r’, and i’ filters, respectively. In principle, these ratios may be used along with the known
atmospheric parameters of the star to estimate the degree l of the oscillation, but in our case
the large error bars make such an exercise inconclusive.
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Figure 5. Amplitude ratios Ax′/Ar′ of the 371.707s mode for the
u’, g’, r’, and i’ data, corrected for phase-smearing. Normalisation
to Ar′ was chosen to minimize the error bars.
4 TIME-RESOLVED SPECTROSCOPY
4.1 The instrument
The Goodman Spectrograph is an imaging spectrograph
built for one of the Nasmyth ports of the 4.1-m SOAR
telescope on Cerro Pachon in Chile. In imaging mode, the
camera-collimator combination re-images the SOAR focal
plane with a focal reduction of three times, yielding a plate
scale of 0.15 arcsec pixel−1 at the CCD. The camera con-
tains a 4k x 4k Fairchild 486 back-illuminated CCD with
electronics and dewar provided by Spectral Instruments, Inc.
of Tucson, Arizona. The system uses optics of fused silica,
NaCl, and CaF2 to achieve high throughput from 320 to 850
nm. In spectroscopic mode, the instrument can obtain spec-
tra of objects over a 3′x 5′field using long slits with widths
ranging from 0.46′′ to 10′′. A multi-slit mode is currently
being commissioned. Users may choose from three Volume
Phase Holographic (VPH) gratings with dispersions of 0.31,
0.65, and 1.3 A˚ pixel −1. For further details concerning the
spectrograph, refer to Clemens et al. (2004).
4.2 Observations and Reductions
We obtained 248 low-resolution spectra of CS 1246 during an
engineering run on 2009 April 17 with the Goodman Spec-
trograph in order to look for line profile variations. The 600
mm−1 VPH grating (0.65 A˚ pixel−1 dispersion) was used to
cover a spectral range from 3500 to 6200 A˚. As the sky at
Cerro Pachon was photometric with reasonable seeing, we
employed a 10′′-wide slit and let the average seeing of 1.1′′
determine our final resolution of 4.8 A˚. The position angle
was set to 272.3 degrees E of N so that we could place a
nearby comparison star on the slit. We binned the spectral
images by two in the spatial and dispersion directions and
only read out 400 binned pixels along the slit to minimize
the readout time. Each exposure had an integration time
of 80 s with 6 s of overhead between images, resulting in
a duty cycle of 93%. The entire run lasted 6 hours from
00:59:42.0 to 07:07:53.4 UT with a 15-minute gap that be-
gan near 02:19:00 UT. Comparison spectra of HgAr and Cu
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Figure 6. Individual (top) and average (bottom) spectra of CS
1246 taken with the Goodman spectrograph on 2009 Apr 17. The
spectra shown were flux-calibrated using the spectrophotometric
standard EG 274.
lamps were obtained for wavelength calibration during the
gap and after the entire series was complete.
We bias-subtracted and flat-fielded our spectra using
standard tasks within IRAF. The apall routine was used to
optimally extract one-dimensional spectra from the frames
and subtract a fit to the sky background. The resulting in-
dividual spectra have an average S/N ratio of 49 pixel−1
in the continuum near 5000 A˚. The top panel of Figure 6
shows an example of one of these spectra. Unfortunately, we
were not succesfully able to use the HgAr or Cu frames to
wavelength-calibrate our spectra, as most of the 43-A˚ wide
lines overlapped and made it difficult to accurately mark line
centres. As an alternative, we self-calibrated the mean spec-
trum to the H Balmer and He I lines and used the solution to
wavelength-calibrate the individual spectra. Although this
technique makes it impossible to measure the true space ve-
locity of CS 1246, it preserves the relative wavelength scale
without removing offsets between spectra and does not effect
our relative radial velocity measurements. We checked the
resulting wavelength solution with that derived from past
spectra taken with the same instrumental setup (but with
smaller slits) and found that the dispersions agreed well.
4.3 The mean spectrum
The average spectrum has a S/N ratio of 770 pixel−1 and is
shown in the bottom half of Figure 6. H Balmer (Hβ-H13)
and He I lines are the most prominent features in the spec-
trum, but signatures of Si III, N II, and O II are also present.
The spectrum appears to be contaminated with Ca II (3933
A˚) and Na D. Although these features usually indicate the
presence of a cooler companion, we expect some level of
interstellar absorption given the extremely low galactic lat-
itude (-0.94 deg) of CS 1246. Moreover, both Ca and Na
D have been observed in the spectra of other stars located
Figure 3.4: Amplitude ratios Ax′ /Ar′ of the 371.707s mode for the u’, g’, r’, and i’ data,
corrected for phase-smearing. Normalization to Ar′ was chosen to minimize the error bars.
3.2 Time-resolved Spectroscopy
3.2.1 Observations & Reductions
We obtained 248 low-resolution spectra of CS 1246 over six hours with the Goodman
spectrograph on the SOAR telescope the night of April 17, 2009. The 600 mm−1 grating
was used to cover as many Balm r lines as possible (a l bu Hα) without sacrificing too
much resolution. As we wanted to lose as little light as possible, we employed the largest
slit available (10” FWHM) and let the average seeing that night, 1.1”, determine our overall
spectral resolution of 4.8 Å. 80 second integration times combined with six seconds of dead
time between exposures led to a 93% duty cycle, making SOAR act like a 3.95-m telescope.
We also took comparison spectra of HgAr and Cu lamps following the series in order to
wavelength-calibrate the st ll r spectra.
After bias-subtracting and flat-fielding our spectral images, we used the apall routine in
IRAF to optimally extract one-dimensional spectra from the frames and subtract a fit to the
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Figure 3.5: Individual (top) and average (bottom) spectra of CS 1246 taken with the Good-
man spectrograph on 2009 Apr 17. The spectra shown were flux-calibrated using the spec-
trophotometric standard EG 274.
sky background. The top panel in Figure 3.5 shows an example of one of these spectra,
which on average had a S/N ratio of 49 pixel−1 in the continuum near 5000 Å. Attempts to
wavelength-calibrate using the HgAr and Cu lamps were futile, as their 43-Å wide emission
lines overlapped in many places and made it too difficult to accurately mark the line centers.
Instead, we self-calibrated the mean spectrum to the H Balmer and He lines and used the
resulting solution to wavelength-calibrate the individual spectra. We note that this technique
makes it impossible to know the true space velocity of CS 1246; however, it does preserve
the relative wavelength scale between spectra, which makes it possible to measure changes in
the radial velocity, which is all that is necessary for this study. Measurements of the system
velocity are presented in Chapter 5.
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3.2.2 The Average Spectrum and Atmospheric Fits
The mean spectrum has a S/N ratio of 770 pixel−1 and is shown in the bottom half of
Figure 3.5. Balmer (Hβ-H13) and He I lines dominate the spectrum, but signatures of Si III,
N II, and O II are also present. Ca II and Na D lines appear to contaminate the spectrum.
Since sdB atmospheres are too hot to show these lines, they are usually indicative of cooler
companions. However, CS 1246 is located in the plane of the galaxy, and therefore some
level of interstellar absorption should be expected; most of the other stars observed near CS
1246 in and behind the Coalsack show Ca II and Na D lines in their spectra (Crawford, 1991;
Franco, 1989, 2000). Consequently, we have no reason to believe these lines originate from
a cool companion star based off of the spectra alone.
To determine the atmospheric parameters of CS 1246, we follow the technique prescribed
by Bergeron et al. (1995) and compare our observed spectra to the grid of model sdB spec-
tra presented by Han et al. (2007). Their models are defined in terms of three parame-
ters: the effective temperature (Te f f ), the surface gravity (log g), and the helium abundance
(N(He)/N(H)). We degraded the resolution of their models by convolving them with a Gaus-
sian whose FWHM mimicked that of a single resolution element in our spectra. They were
then re-binned to match the binning of our observations.
Comparisons of the observed absorption lines profiles to those of the models must be
carried out in terms of normalized profiles, and so we implemented the procedure of Bergeron
et al. (1995). We normalized the flux in the H Balmer and He I lines to a linear continuum
set to unity at two points that were equidistant from the line center and far enough apart to
encompass the entire line profile. The unity point fluxes can be determined by averaging the
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fluxes in the neighboring pixels, but defects in the observed spectrum at these locations may
lead to inaccurate continuum fits. Instead, we fit each absorption line and its surrounding
continuum with a “pseudo” Lorentzian profile as described by Saffer et al. (1988). This
function has the form
G(λ) = C0 + C1λ + C2λ2 +
A
1 + [(λ − µ)/√2σ]α . (3.2)
The adjustable exponent, α, which controls the overall shape of the profile, allows this
function to fit both the wing and core of an absorption line much better than a “classical”
Lorentzian or Gaussian profile. We used the IDL routine MPFIT (Markwardt, 2009), which
employs the Levenberg-Marquant method (Press et al., 2007), to perform a non-linear least-
squares fit to each line. The unity point fluxes are derived from the resulting smooth fit, and
each profile was normalized by dividing by the straight line passing through these points. We
normalized the line profiles in model spectra in the same manner except that the unity point
fluxes were taken directly from the spectra, which are noiseless, instead of being taken from
a fit.
We determined the best-fit model for each line profile with a χ-squared minimization
technique and found Te f f = 28450±700 K, log g = 5.46±0.11, and log N(He)/N(H) = −2.0±
0.3. These parameters place CS 1246 in the empirical instability strip, near the boundary
between sdBVr and sdBVs stars; consequently, the star may exhibit both p- and g- mode
oscillations. However, we currently have no observational evidence of the pulsator’s hybrid
nature.
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3.2.3 Spectrophotometric Light Curve
Since almost no light was lost through the 10” slit, we were able to create a light curve
from our time-series spectroscopy by summing together the flux at all wavelengths in each of
the 248 spectra. To correct for sky transparency variations, we tried to divide the light curve
by that of the comparison star on the slit, but its low S/N ratio added significant noise, and
so we abandoned the idea. We did, however, attempt to correct for atmospheric extinction
effects by fitting and normalizing the light curve with a parabola. Even without removing
sky transparency variations, the highly photometric conditions during the run and a high S/N
ratio led to the superb light curve shown in Figure 3.6 above its FT.
Extra information can be obtained from our spectroscopy since we have color informa-
tion, which allows us to investigate the wavelength dependence on the pulsation amplitude,
or the “chromatic amplitudes.” To do this, we created a light curve for each wavelength bin
and fit a sine wave to these curves, fixing the frequency to that of the best fit to the total light
curve in Figure 3.6. By plotting the best-fit amplitudes against their corresponding wave-
lengths, we find the chromatic amplitudes of the pulsation mode shown in Figure 3.7. The
positions of the H Balmer lines have been marked with dashed lines.
A general trend of increasing amplitude with decreasing wavelength mirrors the results
of our multi-color photometry. More importantly, we find that the shapes of the Balmer
line profiles are changing, as suggested by the peaks in Figure 3.6. Since the profile shapes
are governed primarily by the surface gravity and effective temperature, the plot implies the
atmospheric parameters of CS 1246 change significantly during each pulsation cycle. In
§3.2.5, we use atmospheric model fits to quantify this result.
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Figure 3.6: Light curve (top) produced from the spectrophotometry in the bandpass 3500-
6200 Å. Although a parabolic fit has been removed to take out extinction variations, the
curve has not been divided by that of a constant comparison star, attesting to the superb
photometric quality of the night. The amplitude spectrum (bottom) of the curve has a mean
noise level of 0.65 mma.
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Figure 3.7: Amplitude of the pulsation mode in CS 1246 as a function of wavelength. The
dashed lines mark the positions of the hydrogen Balmer lines, Hβ through H11. Sharp peaks
at these locations imply the effective temperature and surface gravity undergo significant
changes during the pulsation cycle.
3.2.4 Radial Velocity Curve
To construct a radial velocity curve, we individually fit the Hβ-H9 profiles in each spec-
trum with ”pseudo” Lorentzian functions as described in §3.2.2, fixing the α parameter to
the value determined from the average spectrum. The individual spectra did not have the S/N
ratio needed to fit the other absorption line profiles accurately, and, consequently, these lines
were ignored in our analysis. The locations of the profile centers in the mean spectrum were
subtracted from those in the individual spectra, and the shifts from the mean were converted
to km s−1.
The top panel in Figure 3.8 shows the resulting radial velocity curve for Hβ, as an ex-
ample. The data exhibit a long-term variation spanning approximately 100 km s−1 over the
course of the run. We attribute this structure to the combination of two factors: the global
change in instrumental flexure and the movement of the star at the focal plane. As the sky
49
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Figure 8. Radial velocities obtained from fitting pseudo
Lorentzian profiles to the stellar Hβ line (top) and the 5577 A˚
O I sky emission line (bottom). The large-scale variation is due
to instrumental flexure.
find a smearing-corrected amplitude of 23.2 ± 0.7 mma in
agreement with the g’ filter result from §3.3 .
4.5 Radial velocity curve
To construct a radial velocity curve, we individually fit the
Hβ-H9 profiles in each spectrum with ”pseudo” Lorentzian
functions as described in §4.3, fixing the α parameter to the
value determined from the average spectrum. The individual
spectra did not have the S/N ratio needed to fit the other
absorption line profiles accurately, and, consequently, these
lines were ignored in our analysis. The locations of the profile
centres in the mean spectrum were subtracted from those in
the individual spectra, and the shifts from the mean were
converted to km s−1.
The top panel in Figure 8 shows the resulting radial ve-
locity curve for Hβ, as an example. The data exhibit a long-
term variation spanning approximately 100 km s−1 over the
course of the run. We attribute this structure to the com-
bination of two factors: the global change in instrumental
flexure and the movement of the star at the focal plane. As
the sky fills the entire slit, we may correct the former by ex-
amining the drift of atmospheric emission lines. The latter
problem is more difficult to correct, and, consequently, we
do not attempt to do so. Previous time-series photometry
runs with the Goodman Spectrograph, however, show the
drift due to guiding to be small, usually around 0.3′′ over a
time span much longer than the period of CS 1246.
To compensate for flexure, we fit the O I sky line in each
spectrum with a Gaussian using the GAUSSFIT routine in
IDL and obtained the curve shown in the bottom panel of
Figure 8. A 5th-order polynomial matched the O I curve
fairly well, and we removed this trend from the velocity
curves of the stellar absorption lines. After flexure correc-
tion, the velocity curves were linear with slopes dependent
upon wavelength. This result is expected from atmospheric
refraction and allows us to approximate the guiding wave-
length as 8400 A˚. We computed the global radial velocity
curve by removing the linear variations due to refraction
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Figure 9. Flexure-corrected radial velocity curve (top) produced
from the weighted average of the Hβ-H9 velocity curves. The am-
plitude spectrum (bottom) has a mean noise level of 0.94 km s−1.
Shortcomings in our flexure-correction are visible in the 3.25-4.0
hr section of the curve and give rise to the low-frequency peak in
the FT near 143 µHz.
and averaging the velocities from all of the H Balmer lines,
weighting each curve by the inverse of its variance. Figure 9
shows the resulting radial velocity curve along with its FT.
A strong radial velocity variation accompanies the pho-
tometric oscillation at the same frequency. After barycen-
tric correction of the velocities and the mid-exposure times,
we find a semi-amplitude of 8.2 ± 1.0 km s−1 by fitting
a sine curve with frequency fixed to that derived from the
PROMPT data. Sine wave fits to the velocity curves of the
individual Hβ-H9 lines give amplitudes of 8.7, 7.2, 7.5, 8.6,
8.9, and 9.8 km s−1, respectively. The uncertainty we re-
port for the average velocity is the standard deviation of
these values. The increase in velocity with increasing Balmer
order (with the exception of Hβ) implies the velocity is
wavelength-dependent, as expected from weighting of the
projected velocities over the observed hemisphere by limb-
darkening. Correcting for phase smearing, we derive a final
semi-amplitude of 8.8 ± 1.1 km s−1. We claim no additional
candidate frequencies after pre-whitening the data with the
main pulsation period. The large peak in the FT near 143
µHz is a result of an imperfect flexure correction and should
not be attributed to stellar oscillations. The mean noise level
in the amplitude spectrum is 0.94 km s−1.
Figure 3.8: Radial velocities obtained from fitting pseudo Lorentzian profiles to the stellar
Hβ line (top) and the 5577 Å O I sky emission line (bottom). The large-scale variation is due
to instrumental flexure.
fills the entire slit, we may correct the former by examining the drift of atmospheric emission
lines. The latter problem is more difficult to correct, and, consequently, we do not attempt
to do so. Previous time-series photometry runs with the Goodman Spectrograph, however,
show the drift due to guiding to be small, usually around 0.3” over a time span much longer
than the period of CS 1246.
To compensate for flexur , we fit the O I sky line i ea h sp ctrum with a Gaussian using
the GAUSSFIT routine in IDL and obtained the curve shown in the bott m panel of Figure
3.8. A 5th-order polynomial atched the O I curve fairly well, and we removed this trend
from the velocity curves of the stell r bsorption lines. After fl ure correction, the velocity
curves were linear with slopes dependent upon wavelength. This result is expected from
atmospheric refraction and allows us to approxima e the guiding wavelength as 8400 Å. We
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Figure 8. Radial velocities obtained from fitting pseudo
Lorentzian profiles to the stellar Hβ line (top) and the 5577 A˚
O I sky emission line (bottom). The large-scale variation is due
to instrumental flexure.
find a smearing-corrected amplitude of 23.2 ± 0.7 mma in
agreement with the g’ filter result from §3.3 .
4.5 Radial velocity curve
To construct a radial velocity curve, we individually fit the
Hβ-H9 profiles in each spectrum with ”pseudo” Lorentzian
functions as described in §4.3, fixing the α parameter to the
value determined from the average spectrum. The individual
spectra did not have the S/N ratio needed to fit the other
absorption line profiles accurately, and, consequently, these
lines were ignored in our analysis. The locations of the profile
centres in the mean spectrum were subtracted from those in
the individual spectra, and the shifts from the mean were
converted to km s−1.
The top panel in Figure 8 shows the resulting radial ve-
locity curve for Hβ, as an example. The data exhibit a long-
term variation spanning approximately 100 km s−1 over the
course of the run. We attribute this structure to the com-
bination of two factors: the global change in instrumental
flexure and the movement of the star at the focal plane. As
the sky fills the entire slit, we may correct the former by ex-
amining the drift of atmospheric emission lines. The latter
problem is more difficult to correct, and, consequently, we
do not attempt to do so. Previous time-series photometry
runs with the Goodman Spectrograph, however, show the
drift due to guiding to be small, usually around 0.3′′ over a
time span much longer than the period of CS 1246.
To compensate for flexure, we fit the O I sky line in each
spectrum with a Gaussian using the GAUSSFIT routine in
IDL and obtained the curve shown in the bottom panel of
Figure 8. A 5th-order polynomial matched the O I curve
fairly well, and we removed this trend from the velocity
curves of the stellar absorption lines. After flexure correc-
tion, the velocity curves were linear with slopes dependent
upon wavelength. This result is expected from atmospheric
refraction and allows us to approximate the guiding wave-
length as 8400 A˚. We computed the global radial velocity
curve by removing the linear variations due to refraction
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Figure 9. Flexure-corrected radial velocity curve (top) produced
from the weighted average of the Hβ-H9 velocity curves. The am-
plitude spectrum (bottom) has a mean noise level of 0.94 km s−1.
Shortcomings in our flexure-correction are visible in the 3.25-4.0
hr section of the curve and give rise to the low-frequency peak in
the FT near 143 µHz.
and averaging the velocities from all of the H Balmer lines,
weighting each curve by the inverse of its variance. Figure 9
shows the resulting radial velocity curve along with its FT.
A strong radial velocity variation accompanies the pho-
tometric oscillation at the same frequency. After barycen-
tric correction of the velocities and the mid-exposure times,
we find a semi-amplitude of 8.2 ± 1.0 km s−1 by fitting
a sine curve with frequency fixed to that derived from the
PROMPT data. Sine wave fits to the velocity curves of the
individual Hβ-H9 lines give amplitudes of 8.7, 7.2, 7.5, 8.6,
8.9, and 9.8 km s−1, respectively. The uncertainty we re-
port for the average velocity is the standard deviation of
these values. The increase in velocity with increasing Balmer
order (with the exception of Hβ) implies the velocity is
wavelength-dependent, as expected from weighting of the
projected velocities over the observed hemisphere by limb-
darkening. Correcting for phase smearing, we derive a final
semi-amplitude of 8.8 ± 1.1 km s−1. We claim no additional
candidate frequencies after pre-whitening the data with the
main pulsation period. The large peak in the FT near 143
µHz is a result of an imperfect flexure correction and should
not be attributed to stellar oscillations. The mean noise level
in the amplitude spectrum is 0.94 km s−1.
Figure 3.9: Flexure-correct d radial locity curve (top) produced fro the weighted average
of the Hβ-H9 velocity curves. The amplitude spectrum (bottom) has a mean noise level of
0.94 km s−1. Shortcomings in our flexure-correcti n are visible in the 3.25-4.0 hr section of
the curve and give rise to the low-frequency peak in the FT near 143 µHz.
computed the global radial velocity curve by removing the linear variations due to refraction
and averaging the vel cities from all of the H Balm r lines, weighting each curve by the
inverse of its variance. Figure 3.9 shows the resulting radial velocity curve along with its FT.
A strong radial velocity variation accompanies the photometric oscillation at the same
frequency. After barycentric corr ction of the velocities and the id-exposure times, we
find a semi-amplitude of 8.2 ± 1.0 km s−1 by fitting a sine curve with frequency fixed to
that derived from the PROMPT data. Sine wave fits to the velocity curves of the individual
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Hβ-H9 lines give amplitudes of 8.7, 7.2, 7.5, 8.6, 8.9, and 9.8 km s−1, respectively. The
uncertainty we report for the average velocity is the standard deviation of these values. The
increase in velocity with increasing Balmer order (with the exception of Hβ) implies the
velocity is wavelength-dependent, as expected from weighting of the projected velocities
over the observed hemisphere by limb-darkening. Correcting for phase smearing, we derive
a final semi-amplitude of 8.8 ± 1.1 km s−1. We claim no additional candidate frequencies
after pre-whitening the data with the main pulsation period. The large peak in the FT near
143 µHz is a result of an imperfect flexure correction and should not be attributed to stellar
oscillations. The mean noise level in the amplitude spectrum is 0.94 km s−1.
3.2.5 Effective Temperature and Gravity Variations
We determined Te f f and log g as a function of pulsation phase by phase-folding and
averaging the spectra together in 10 evenly-spaced bins. The resulting spectra had S/N ratios
of approximately 240 pixel−1 in the continuum near 5000 Å. We fit atmospheric models to
the spectra in the manner described in §3.2.2 to determine Te f f , log g, and log N(He)/N(H)
over a pulsation cycle. As we observed no change in the He abundance over the 10 phase
bins, we fixed the abundance to its average value and refit the other atmospheric parameters.
Figure 3.10 shows the Te f f and log g variations plotted above the radial velocity and light
curves, which were phase-folded into the same 10 bins. Since the temperature and gravity fits
displayed sinusoidal variations, we fit sine waves to these curves using a χ2 fitting routine;
the frequencies of the fits were fixed to the pulsational period. We derive a temperature
variation of 462 K about an equilibrium value of 28279 K and a gravity variation of 0.031
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about a value of 5.44. These amplitudes are subject to phase smearing from two sources.
The finite integration time of the individual spectra in the series results in an underestimation
of the amplitude by 7.45%. We must also consider the smearing that occurs when phase-
folding and re-binning the spectra. Each phased-binned spectrum has a pseudo-integration
time of 37.17 s and leads to a further damping of 1.64%. Combining both smearing factors,
we find that our fits to the Te f f and log g curves underestimate the true variations by 8.97%.
Applying these corrections, we report semi-amplitudes of ∆T = 507 ± 55 K and ∆log g =
0.034 ± 0.009. The errors are derived using the deviations from the fits; they are more precise
than those associated with the absolute temperature and gravity since systematic errors tend
to cancel out in a differential analysis.
The phase relationships among the photometric, radial velocity, gravity, and temperature
variations are apparent in Figure 3.10. If conditions are purely adiabatic, the temperature
would be 90 deg out of phase with the radial velocity (180 deg out of phase with the radius).
We measure a difference of -72 ± 22 deg. Given the size of the error bars, we cannot claim
deviations from adiabatic conditions using our current data set, although we do note this
value is fairly deviant from 90 deg. The temperature, gravity, and flux variations are in phase
to within the errors.
3.2.6 Radial Pulsation Test and the Stellar Distance
The simplicity of the light curve of CS 1246 combined with our high S/N spectra gives
us the unique opportunity to check whether our observations are consistent with a radial
oscillation. The method we use is similar to that described by Lynas-Gray et al. (1984) and
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4.6 Effective temperature and gravity variations
We determined Teff and log g as a function of pulsation
phase by phase-folding and averaging the spectra together
in 10 evenly-spaced bins. The resulting spectra had S/N ra-
tios of approximately 240 pixel−1 in the continuum near
5000 A˚. We fit atmospheric models to the spectra in the
manner described in §4.3 to determine Teff , log g, and
log N (He)/N (H) over a pulsation cycle. As we observed no
change in the He abundance over the 10 phase bins, we fixed
the abundance to its average value and refit the other atmo-
spheric parameters.
Figure 10 shows the Teff and log g variations plotted
above the radial velocity and light curves, which were phase-
folded into the same 10 bins. Since the temperature and
gravity fits displayed sinusoidal variations, we fit sine waves
to these curves using a χ2 fitting routine; the frequencies
of the fits were fixed to the pulsational period. We derive a
temperature variation of 462 K about an equilibrium value
of 28279 K and a gravity variation of 0.031 about a value of
5.44. These amplitudes are subject to phase smearing from
two sources. The finite integration time of the individual
spectra in the series results in an underestimation of the am-
plitude by 7.45%. We must also consider the smearing that
occurs when phase-folding and re-binning the spectra. Each
phased-binned spectrum has a pseudo-integration time of
37.17 s and leads to a further damping of 1.64%. Combining
both smearing factors, we find that our fits to the Teff and
log g curves underestimate the true variations by 8.97%. Ap-
plying these corrections, we report semi-amplitudes of ∆T
= 507 ± 55 K and ∆log g = 0.034 ± 0.009. The errors are
derived using the deviations from the fits; they are more
precise than those associated with the absolute temperature
and gravity since systematic errors tend to cancel out in a
differential analysis.
The phase relationships among the photometric, radial
velocity, gravity, and temperature variations are apparent in
Figure 10. If conditions are purely adiabatic, the tempera-
ture would be 90 deg out of phase with the radial velocity
(180 deg out of phase with the radius). We measure a dif-
ference of -72 ± 22 deg. Given the size of the error bars,
we cannot claim deviations from adiabatic conditions us-
ing our current data set, although we do note this value is
fairly deviant from 90 deg. The temperature, gravity, and
flux variations are in phase to within the errors.
4.7 Radial pulsation test and the stellar distance
The simplicity of the light curve of CS 1246 combined with
our high S/N spectra gives us the unique opportunity to
check whether our observations are consistent with a radial
oscillation. The method we use is similar to that described
by Lynas-Gray et al. (1984) and relies on the computation of
the angular radius α. In §4.6 we found the best-fitting model
spectrum to each of our observed phase-binned spectra, giv-
ing us the temperature T at each phase φ. We take the
monochromatic flux near 5500 A˚ in the observed and model
spectra for our calculations, as the continuum in this region
is fairly smooth and free of absorption lines. The model flux,
Fλ, represents the flux at the photosphere and is a function
of T only, by definition. The observed flux, fλ, is a function
of the temperature, the radius R, and the distance d. Con-
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Figure 10. Variations in the effective temperature, surface grav-
ity, radial velocity, spectrophotometry, and angular radius (from
top to bottom) for the 371.7-s mode. Non-linear, least-squares fits
to the curves are shown as dotted lines, and the pulsation cycle
is presented twice for visual clarity. The curves shown are taken
directly from the data and have not been corrected for phase-
smearing or projection effects.
sequently, we can derive the angular radius α for each phase
bin by computing the ratio of the model flux to the observed
flux via the expression
Fλ(T )
fλ(T,R, d)
=
d2
R2
= α−2. (3)
Flux calibration errors, atmospheric extinction, and inter-
stellar extinction will affect the observed flux; the latter
two lead to an underestimation of fλ. We have already flux-
calibrated the spectra and corrected them for atmospheric
extinction in our reductions, but we have not yet considered
the effects of interstellar extinction. The temperature de-
rived from our time-averaged spectrum implies a B-V colour
of -0.29 ± 0.01. Reid et al. (1988) reported a B-V colour
of +0.28 ± 0.10, from which we compute the reddening as
E(B-V) = 0.57 ± 0.11. Assuming there is no companion star
contributing to the reddening, we convert the E(B-V) esti-
mate to an approximate extinction level of 1.8 mag for 5500
A˚ using the results of Schlegel et al. (1998). Thus, our ob-
served fluxes should be larger by a factor of 5.2 (=2.51.8).
Taking this factor into account, we computed the angular
radius for each phase bin and derived the α variation shown
Figure 3.10: V riations in the effective temperature, surface gravity, radial velocity, spec-
trophotometry, and angular radius (from top to bottom) for the 371.7-s mode. Non-linear,
least-squares fits to the curves are shown as dotted lines, and the pulsation cycle is presented
twi e for visual clarity. The curves show are taken directly from the data and have not been
corrected for phase-smearing or projection effects.
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relies on the computation of the angular radius α. In §3.2.5 we found the best-fitting model
spectrum to each of our observed phase-binned spectra, giving us the temperature T at each
phase φ. We take the monochromatic flux near 5500 Å in the observed and model spectra
for our calculations, as the continuum in this region is fairly smooth and free of absorption
lines. The model flux, Fλ, represents the flux at the photosphere and is a function of T only,
by definition. The observed flux, fλ, is a function of the temperature, the radius R, and the
distance d. Consequently, we can derive the angular radius α for each phase bin by computing
the ratio of the model flux to the observed flux via the expression
Fλ(T )
fλ(T,R, d)
=
d2
R2
= α−2. (3.3)
Flux calibration errors, atmospheric extinction, and interstellar extinction will affect the ob-
served flux; the latter two lead to an underestimation of fλ. We have already flux-calibrated
the spectra and corrected them for atmospheric extinction in our reductions, but we have
not yet considered the effects of interstellar extinction. The temperature derived from our
time-averaged spectrum implies a B-V color of -0.29 ± 0.01. Reid et al. (1988) reported a
B-V color of +0.28 ± 0.10, from which we compute the reddening as E(B-V) = 0.57 ± 0.11.
Assuming there is no companion star contributing to the reddening, we convert the E(B-
V) estimate to an approximate extinction level of 1.8 mag for 5500 Å using the results of
Schlegel et al. (1998). Thus, our observed fluxes should be larger by a factor of 5.2 (=2.51.8).
Taking this factor into account, we computed the angular radius for each phase bin and de-
rived the α variation shown in the bottom panel of Figure 3.10. A least-squares fit to the
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curve gives a semi-amplitude of 4.88 ∗ 10−14 rad (5.36 ∗ 10−14 rad after smearing-correction)
about a mean angular radius of 1.01∗10−11 rad. We stress again that errors in the flux calibra-
tion and extinction estimates lead to incorrect values for the angular radii and their relative
differences.
A plot of ∆α vs ∆R will reveal a linear relationship for a radial pulsation mode, as shown
by the relation
∆α =
∆R
d
, (3.4)
where the distance is the inverse of the slope. Having already derived the α variations, we
compute the variations in the physical radius by integrating the radial velocity curve. We con-
verted the observed expansion velocities into actual expansion velocities using a projection
factor dependent upon relative limb darkening in the spectral lines. Montan˜e´s Rodriguez &
Jeffery (2001) computed such factors for early-type, radially pulsating stars, and their stud-
ies show a value of 1.4 to be appropriate for an sdB star like CS 1246. By applying this
factor, we assume from this point on that the 371.7-s mode is radial in nature and can only
check whether our observations are consistent with this assumption. The velocity amplitude
becomes 12.3 ± 1.4 km s−1 after application of the projection factor, and integration of this
velocity gives a physical radius variation with semi-amplitude of 728 ± 83 km.
Figure 3.11 presents a plot of ∆α against ∆R. To test for a linear relationship, we com-
puted the Pearson correlation coefficient and find a value of 0.78. The probability that 10
measurements of two uncorrelated variables can produce a correlation coefficient at or above
this value is less than 2%. Using only the data presented here, we can neither rule out the pos-
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in the bottom panel of Figure 10. A least-squares fit to the
curve gives a semi-amplitude of 4.88∗10−14 rad (5.36∗10−14
rad after smearing-correction) about a mean angular radius
of 1.01 ∗ 10−11 rad. We stress again that errors in the flux
calibration and extinction estimates lead to incorrect values
for the angular radii and their relative differences.
A plot of ∆α vs ∆R will reveal a linear relationship for
a radial pulsation mode, as shown by the relation
∆α =
∆R
d
, (4)
where the distance is the inverse of the slope. Having already
derived the α variations, we compute the variations in the
physical radius by integrating the radial velocity curve. We
converted the observed expansion velocities into actual ex-
pansion velocities using a projection factor dependent upon
relative limb darkening in the spectral lines. Montan˜e´s Ro-
driguez & Jeffery (2001) computed such factors for early-
type, radially pulsating stars, and their studies show a value
of 1.4 to be appropriate for an sdB star like CS 1246. By
applying this factor, we assume from this point on that the
371.7-s mode is radial in nature and can only check whether
our observations are consistent with this assumption. The
velocity amplitude becomes 12.3 ± 1.4 km s−1 after applica-
tion of the projection factor, and integration of this velocity
gives a physical radius variation with semi-amplitude of 728
± 83 km.
Figure 11 presents a plot of ∆α against ∆R. To test for
a linear relationship, we computed the Pearson correlation
coefficient and find a value of 0.78. The probability that 10
measurements of two uncorrelated variables can produce a
correlation coefficient at or above this value is less than 2%
(see Appendix A). We can neither rule out the possibility
that the 371.7-s mode in CS 1246 is a radial one, nor can
we exclude the possibility of a mode with " > 0.
Still under the assumption of a radial mode, we fit a line
to the data and determined the distance from the slope via
Eqn. 4. As∆α = 0 should correspond to the point where∆R
= 0, we force the fit to pass through this point and derive a
distance of d = 460 ± 190100 pc. An sdB star this close should be
brighter than what Reid et al. (1988) measured. In fact, with
Teff=28450±700 K and R=0.19±0.08 R" (see §4.8), CS
1246 should have an apparent Visual magnitude of 12.7±0.90.5
when observed at the above distance. This value implies a
Visual extinction level of 1.9±1.00.6 mags, in agreement with
that found by Rodgers (1960) and Mattila (1970) for the
part of the Coalsack where CS 1246 resides.
4.8 The stellar radius and mass
We are now in the position to compute the radius and mass
directly from our observations using two different methods.
The observed variations in log g come about from the pul-
sational acceleration and changes in the radius, and after
the former contribution is subtracted, the radius may be
derived from the remaining difference. Unfortunately, the
uncertainty in ∆log g yields excessively large error bars on
our determination of the radius and, consequently, the mass,
and for this reason we deem this method unreliable with our
current data set. A second method proves to be more fruitful
and is based upon the Baade-Wesselink method. Any frac-
tional change in the angular radius should yield the same
   
-1.0
-0.5
0.0
0.5
1.0
!
"
 (1
0-1
3  r
ad
)
-0.001 0.000 0.001
!R (Rsun)
-1.0
0.0
1.0
Re
sid
ua
ls
Figure 11. Plot of ∆α vs ∆R. For a radial pulsator, these vari-
ables should exhibit a linear relationship. The dashed line denotes
the linear fit to these data. The data exhibit a Pearson correla-
tion coefficient of 0.78. A representative error bar is shown for
the leftmost data point and was computed by propagating errors
through Eqn 3.
fractional change in the physical radius. Using this fact and
linearizing Eqn. 3, we compute R from the following relation:
∆R
R
=
∆α
α
=
1
2
(
∆fλ
fλ
− ∆Fλ
Fλ
)
. (5)
This expression yields a radius of R = 0.19 ± 0.08 R". Sim-
ilar results are obtained by calculating the radius directly
from α and d, which gives R = 0.20 ±0.110.06 R". We present
the derivation of R using Eqn 5 to illustrate that errors in the
observed flux cancel out and do not affect the computation
of the physical radius as they do the distance calculation.
Combined with our measurement of the mean surface
gravity, the radius derived from Eqn 5 gives a mass of M
= 0.39 ±0.300.13 M". Again, the radius and mass we report
are meaningless if the pulsation is non-radial. Although our
errors bars are large, the mass agrees with the commonly-
accepted value of 0.5 M". The radius is also consistent with
those determined for other sdB stars from binary obser-
vations and from theoretical mass-radius relationships but
has been computed using more direct observations. Work-
ing backwards and assuming a canonical mass of 0.5 M",
we would derive a radius of R = 0.22 R" from the mean log
g value.
5 CONCLUSIONS
We report the discovery of an exciting new member of the
sdBVr class of pulsators, CS 1246. Our simultaneous, multi-
colour, time-series photometry reveals a single oscillation
mode with period 371.7 s. The amplitude of this mode de-
pends strongly on wavelength and is largest in the u’ filter.
We detect no additional periodicities in the frequency spec-
tra, although we note our 0.41-m telescope detection limits
Figure 3.11: Plot of ∆α v ∆R. For a radial pulsator, t ese var abl s should exhibit a linear
relationshi . The dashed line denotes the linear fit to these data. The data exhibit a Pearson
correlation c efficient of 0.78. A re rese tative error bar is show for the leftmost data point
and was computed by propagating errors through Eqn 3.3.
sibility that the 371.7-s mode in CS 1246 is a radial one, nor can we exclude the possibility
of a mode with ` > 0.
Still under the assumption of a radial mode, we fit a line to the data and determined the
distance from the slope via Eqn. 3.4. As ∆α = 0 should correspond to the point where ∆R
= 0, we force the fit to pass through this point and derive a distance of d = 460 ± 190100 pc. An
sdB star this close should be brighter than what Rei et al. (1988) measured. In fact, with
Te f f =28450±700 K and R=0.19±0.08 Rsun (see §3.2.7), CS 1246 should have an apparent
Visual magnitude of 12.7±0.90.5 when observed at the above distance. This value implies a
Visual extinction level of 1.9±1.00.6 mags, in agreement with that found by Rodgers (1960) and
Mattila (1970) for the part of the Coalsack where CS 1246 resides.
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3.2.7 The Stellar Radius and Mass
We are now in the position to compute the radius and mass directly from our observations
using two different methods. The observed variations in log g come about from the pulsa-
tional acceleration and changes in the radius, and after the former contribution is subtracted,
the radius may be derived from the remaining difference. Unfortunately, the uncertainty in
∆log g yields excessively large error bars on our determination of the radius and, conse-
quently, the mass, and for this reason we deem this method unreliable with our current data
set. A second method proves to be more fruitful and is based upon the Baade-Wesselink
method. Any fractional change in the angular radius should yield the same fractional change
in the physical radius. Using this fact and linearizing Eqn. 3.3, we compute R from the
following relation:
∆R
R
=
∆α
α
=
1
2
(
∆ fλ
fλ
− ∆Fλ
Fλ
)
. (3.5)
This expression yields a radius of R = 0.19 ± 0.08 Rsun. Similar results are obtained by
calculating the radius directly from α and d, which gives R = 0.20 ±0.110.06 Rsun. We present the
derivation of R using Eqn 3.5 to illustrate that errors in the observed flux cancel out and do
not affect the computation of the physical radius as they do the distance calculation.
Combined with our measurement of the mean surface gravity, the radius derived from
Eqn 3.5 gives a mass of M = 0.39 ±0.300.13 Msun. Again, the radius and mass we report are
meaningless if the pulsation is non-radial. Although our errors bars are large, the mass agrees
with the commonly-accepted value of 0.5 Msun. The radius is also consistent with those
determined for other sdB stars from binary observations and from theoretical mass-radius
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relationships but has been computed using more direct observations. Working backwards
and assuming a canonical mass of 0.5 Msun, we would derive a radius of R = 0.22 Rsun from
the mean log g value.
3.3 Conclusions
Time-series spectroscopy proved to be a much more fruitful exercise than we originally
anticipated. We detected variations in temperature, gravity, and radial velocity at the same
frequency as the photometric oscillations. Interestingly, the ratios of these amplitudes (507
K, 0.034, 8.8 km s−1) scale extremely well with those found by Østensen et al. (2007) for the
main mode of Balloon 090100001 (1186 K, 0.084, 18.9 km s−1), which Baran et al. (2008)
have confirmed as a radial oscillation. By comparing changes in the angular and physical
radii, we have shown the pulsation mode in CS 1246 is consistent with a radial one, but
we cannot rule out non-radial modes with our current data set. We were able, however, to
calculate the radius and mass under the assumption of a radial pulsation, and find values
consistent with those derived for other sdB stars. Our study is the first to apply a method
based on the Baade-Wesselink technique to an sdBV star. There is room for improvement
from long time-series spectroscopy runs, though, since the uncertainty in our mass does not
allow one to distinguish between various sdB formation scenarios. Better photometry and
more precise radial velocities are required to achieve such a goal. If the 371.7-s mode is
confirmed to be radial, application of the Baade-Wesselink method to a more substantial data
set could provide the most direct measurements of an sdB radius and mass ever made (except
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in cases where the sdBV is in an eclipsing binary system).
The atmospheric parameters we derived place CS 1246 near the boundary of the sdBVr
and sdBVs instability strips, and, consequently, it could be a hybrid pulsator. Since studies
of rapid and slow oscillations probe different depths in a star, the sdBVrs stars can provide
much more information than pulsators exhibiting only one of these modes. The amplitudes of
slow oscillation modes tend to be small (a few mma), and we cannot rule out the possibility
that CS 1246 is a hybrid pulsator since our detection limits in the low-frequency regime (2-3
mma) are comparable to this level. A longer photometry run with a larger-aperture telescope
is needed to search for slow pulsation modes.
The study of CS 1246 is complicated by the presence of the Coalsack Dark Nebula along
our line of sight, which helps to explain two anomalous observations. The first problem is the
B-V color reported by Reid et al. (1988), which is too red for an sdB star. Previous extinction
studies of the Coalsack report reddening values similar to the one we find for CS 1246, so
it is not impossible interstellar extinction is the only source of the observed reddening. The
Coalsack might also explain why our derived distance is less than what one would expect
given the brightness of the star. The effective temperature and radius we calculated imply an
absolute Visual magnitude of 4.4 mag. Combining this absolute magnitude with the apparent
one, we derive a distance of nearly 1100 pc, much farther than the 460 pc calculated in §3.2.6.
Accounting for the approximately 1.8 mags of Visual extinction expected from the Coalsack,
however, makes our computed distance consistent with the apparent magnitude. We also note
that at 460 pc, CS 1246 is located well behind the nebula, which has a distance of 174 pc
(Rodgers, 1960). If not for the Coalsack Dark Nebula, the star would be one of the brightest
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known sdBVs with one of the highest-amplitude pulsation modes.
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Chapter 4
The O-C Diagram of CS 1246
“Measure what can be measured, and make measurable what cannot be mea-
sured.”
– Galileo Galilei
CS 1246 is a prime candidate for a long-term O-C diagram study since its simple pulsa-
tion spectrum allows one to easily measure pulse arrival times. Here we present the analysis
of nearly 400 hours of time-series photometry taken with PROMPT over 14 months to look
for subtle variations in the pulse timings1. The O-C diagram is dominated by a strong sinu-
soidal pattern with a period of 14.1 d and an amplitude of 10.7 light-seconds. Underneath this
sine wave is a secular trend implying a decrease in the 371.7-s pulsational period of P˙ = -1.9
× 10−11, which we attribute to the evolution of the star through the Hertzsprung-Russell dia-
1This analysis was originally published in the Monthly Notices of the Royal Astronomical Society (Barlow
et al. 2011)
gram. The sinusoidal variation can be explained by the presence of a low-mass companion,
with m sin i ' 0.12 Msun, orbiting the subdwarf B star at a distance of 20 Rsun.
4.1 Method Overview
The compact structure of pulsating sdB stars makes their oscillation periods extremely
stable, similar to white dwarf pulsators. For this reason, it is possible to measure small
secular changes in their pulsational periods. Once a set of model predictions has been made
for the arrival times of photons, observations can be compared to these predictions, and the
deviations from the model are plotted as a function of time in the so called “observed minus
calculated” (O-C) diagram.
The O-C diagram makes it possible to measure slow evolutionary changes in the structure
of the star, which result in slowly-changing oscillation frequencies that appear as parabolas
in the diagram. Companions around an sdB star can also affect the O-C diagram as they tug
on the sdB during their orbits, causing the pulsator to wobble around the barycenter of the
system. The small changes in the light-travel path due to the wobble result in phase shifts
which appear as sinusoidal oscillations in the O-C diagram at the period of the orbit. Silvotti
(2007) have used this method successfully to find a planet around the pulsating sdB star V391
Pegasi. Their data show both a parabolic structure, resulting from a changing period, and a
sinusoidal residual attributed to the orbit of a planet with a mass of 3.2 MJupiter. We note that
this method may also be applied to the eclipse timings of sdB binary systems, which may
lead to the discovery of tertiary members in such systems.
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4.2 Photometric Data
We began monitoring CS 1246 with PROMPT in 2009 to look for variations in the pulse
arrival times. Over the course of 14 months, we collected more than 33,000 individual frames
representing 400 hours of time-series photometry. The majority of these data were taken in
a four-month span between January and May 2010 with PROMPT 3. On a typical night,
we obtained at least three hours of photometry with 30-s exposures and no filter; during
these observations, our duty cycle was on average 83%. We also include in this work the
photometry from 2009 presented in Chapter 3 and a handful of light curves obtained with the
Goodman Spectrograph. Appendix B presents a detailed log of our photometric observations.
4.2.1 Reduction & Analysis
Images were bias-subtracted and flat-fielded in IRAF using standard procedures. We then
extracted our photometry using Antonio Kanaan’s external IRAF package ccd hsp. We chose
aperture radii that maximized the signal-to-noise ratio (S/N) in the nightly light curves and
used sky annuli to estimate and subtract off counts from the sky. As the field is densely
packed with stars, we were careful to avoid contamination of the apertures and annuli from
neighboring stars. We removed sky transparency variations by dividing our light curves by
those of constant comparison stars. Such stars were chosen by selecting from those in the
field that were photometrically constant in time, not contaminated by nearby stars, substan-
tially brighter than CS 1246, and not saturated during a 30-s exposure. Additionally, we
avoided comparison stars that were likely to drift out of the frame during the PROMPT runs
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due to an approximately 0.4 arcmin hour−1 tracking error in the mounts. These selection cri-
teria provided us with three dependable comparison stars. Lastly, we fit and normalized the
light curves with parabolas to remove residual atmospheric extinction effects. This process
can remove real variations in the stellar flux on the order of the run lengths, making it difficult
to detect lower-frequency g-mode oscillations, if they exist. All time stamps were converted
to a barycentric Julian ephemeris date (BJED) using the WQED suite (v2.0; Thompson &
Mullally 2009), which employs the method of Stumpff (1980).
We analyzed our light curves with a combination of Fourier analysis and least-squares fits
of sine waves, using both Period04 (Lenz & Breger, 2005) and MPFIT (Markwardt, 2009).
Initially, the period, phase, and amplitude were left as free parameters in the fits, but once
we obtained a better determination of the period (see §4.3), we refit all of the data with the
period fixed. Figure 4.1 shows a representative light curve from one of our photometry runs
above its amplitude spectrum.
4.2.2 Night-by-Night Results
Each of the individual 89 light curves is dominated by the 371.7-s pulsation mode (here-
after f1) reported in Chapter 3 and shows no other significant signals in the p-mode range
of the amplitude spectrum (1600-14000 µHz) after pre-whitening the signal. Low-amplitude
signals appear in some of the nightly Fourier transforms (FTs) at frequencies near the g-mode
regime, but we hesitate to claim these signals as real since 1/f noise and improperly removed
extinction effects could easily account for those structures.
Our least-squares fits show the amplitude of f1 decreased from 20 mma in 2010 Jan to 16
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Figure 2. (Top) Sample light curve of CS 1246 from 2010 Jan
18. The data shown were obtained with PROMPT 3 over 2.9
hours using 30-s exposures without a filter. (Bottom) Ampli-
tude spectrum of the light curve, which is dominated by a 371.7-
s signal.
pear in some of the nightly Fourier transforms (FTs) at
frequencies near the g-mode regime, but we hesitate to
claim these signals as real since 1/f noise and improperly
removed extinction effects could easily account for those
structures.
Our least-squares fits show the amplitude of f1 de-
creased from 20 mma3 in 2010 Jan to 16 mma in 2010 May
at a rate of nearly 0.9 mma month−1. Figure 3 presents
this trend above its FT. We exclude the 2009 data from
this plot since they were taken primarily through different
passbands from the 2010 data and the measured ampli-
tude of f1 strongly depends on the observed wavelengths
(Barlow et al. 2010). If the rate of decline remains linear,
f1 will have an amplitude below our detection limits (in
nightly light curves) by 2011 Nov. As we discuss later,
there is no detectable periodic signal in the amplitudes.
The frequencies of f1 in all the light curves agree
within their error bars, which were typically around 1.2
µHz. To investigate smaller changes in the frequency as
well as variations in the phase, we analysed our complete
data set using the O-C technique, as discussed in the sec-
tion that follows.
3 THE O-C DIAGRAM
We began our construction of the O-C diagram4 by calcu-
lating a linear ephemeris for the times of maxima in the
light curve (C) of the form
3 Amplitudes are given in units of milli-modulation amplitude
(mma), or parts-per-thousand. 10 mma corresponds to 1%
4 For a review of the basic principles behind the O-C method,
we refer the reader to Kepler (1993).
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Figure 3. (Top) Amplitudes of f1 taken from the least-squares
fits to the individual 2010 light curves. The data show a de-
creasing trend of nearly 0.9 mma month−1, which is marked by
a dotted line. (Bottom) Fourier transform of the nightly am-
plitudes with the linear trend removed. The mean noise level
is 0.25 mma. The dashed vertical line marks the location of a
14.1-day oscillation, and the dotted horizontal line represents
the amplitude at four times the mean noise level.
C = Tc + PcE, (1)
where Tc is a reference time of maximum, Pc the pulsa-
tion period, and E the cycle number measured from Tc.
Since keeping track of E correctly over an extended pe-
riod of time requires an exceptionally accurate starting
frequency, we used the period resulting from the least-
squares fits to the combined 2010 light curve for Pc. Our
observing run on 2010 Mar 10 falls near the middle of this
combined light curve, and, consequently, we employed the
time of maximum determined from its least-squares fit for
Tc. The observed times of maxima (O) were taken from
the least-squares fits to the individual light curves, and
their corresponding cycle numbers were computed using
equation (1).
Figure 4 presents the O-C diagram created by sub-
tracting the calculated from the observed times of max-
ima. A sinusoidal oscillation dominates the overall struc-
ture. The sinusoid is superimposed on a parabolic trend
indicative of a secular change in the pulsation period. The
presence of the sinusoid is even more apparent in the FT
of the O-C diagram with the quadratic term removed, as
shown in Figure 5. To quantify these structures, we per-
formed a simultaneous fit to the O-C values including both
parabolic and sinusoidal terms using the expression
O −C = ∆T +∆PE + 1
2
PP˙E2 +A sin
(
2piE
Π
+ φ
)
. (2)
We used the IDL routine MPFIT (Markwardt 2009),
which employs the Levenberg-Marquardt method, to per-
form a non-linear least-squares fit of equation (2) to the
c© 0000 RAS, MNRAS 000, 000–000
Figure 4.1: (Top) Sample light curve of CS 1246 from 2010 Jan 18. The data shown were
obtained with PROMPT 3 over 2.9 hours using 30-s exposures without a filter. (Bottom)
Amplitude spectrum of the light curve, which is dominated by a 371.7-s signal.
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Figure 2. (Top) Sample light curve of CS 1246 from 2010 Jan
18. The data shown were obtained with PROMPT 3 over 2.9
hours using 30-s exposures without a filter. (Bottom) Ampli-
tude spectrum of the light curve, which is dominated by a 371.7-
s signal.
pear in some of the nightly Fourier transforms (FTs) at
frequencies near the g-mode regime, but we hesitate to
claim these signals as real since 1/f noise and improperly
removed extinction effects could easily account for those
structures.
Our least-squares fits show the amplitude of f1 de-
creased from 20 mma3 in 2010 Jan to 16 mma in 2010 May
at a rate of nearly 0.9 mma month−1. Figure 3 presents
this trend above its FT. We exclude the 2009 data from
this plot since they were taken primarily through different
passbands from the 2010 data and the measured ampli-
tude of f1 strongly depends on the observed wavelengths
(Barlow et al. 2010). If the rate of decline remains linear,
f1 will have an amplitude below our detection limits (in
nightly light curves) by 2011 Nov. As we discuss later,
there is no detectable periodic signal in the amplitudes.
The frequencies of f1 in all the light curves agree
within their error bars, which were typically around 1.2
µHz. To investigate smaller changes in the frequency as
well as variations in the phase, we analysed our complete
data set using the O-C technique, as discussed in the sec-
tion that follows.
3 THE O-C DIAGRAM
We began our construction of the O-C diagram4 by calcu-
lating a linear ephemeris for the times of maxima in the
light curve (C) of the form
3 Amplitudes are given in units of milli-modulation amplitude
(mma), or parts-per-thousand. 10 mma corresponds to 1%
4 For a review of the basic principles behind the O-C method,
we refer the reader to Kepler (1993).
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Figure 3. (Top) Amplitudes of f1 taken from the least-squares
fits to the individual 2010 light curves. The data show a de-
creasing trend of nearly 0.9 mma month−1, which is marked by
a dotted line. (Bottom) Fourier transform of the nightly am-
plitudes with the linear trend removed. The mean noise level
is 0.25 mma. The dashed vertical line marks the location of a
14.1-day oscillation, and the dotted horizontal line represents
the amplitude at four times the mean noise level.
C = Tc + PcE, (1)
where Tc is a reference time of maximum, Pc the pulsa-
tion period, and E the cycle number measured from Tc.
Since keeping track of E correctly over an extended pe-
riod of time requires an exceptionally accurate starting
frequency, we used the period resulting from the least-
squares fits to the combined 2010 light curve for Pc. Our
observing run on 2010 Mar 10 falls near the middle of this
combined light curve, and, consequently, we employed the
time of maximum determined from its least-squares fit for
Tc. The observed times of maxima (O) were taken from
the least-squares fits to the individual light curves, and
their corresponding cycle numbers were computed using
equation (1).
Figure 4 presents the O-C diagram created by sub-
tracting the calculated from the observed times of max-
ima. A sinusoidal oscillation dominates the overall struc-
ture. The sinusoid is superimposed on a parabolic trend
indicative of a secular change in the pulsation period. The
presence of the sinusoid is even more apparent in the FT
of the O-C diagram with the quadratic term removed, as
shown in Figure 5. To quantify these structures, we per-
formed a simultaneous fit to the O-C values including both
parabolic and sinusoidal terms using the expression
O −C = ∆T +∆PE + 1
2
PP˙E2 +A sin
(
2piE
Π
+ φ
)
. (2)
We used the IDL routine MPFIT (Markwardt 2009),
which employs the Levenberg-Marquardt method, to per-
form a non-linear least-squares fit of equation (2) to the
c© 0000 RAS, MNRAS 000, 000–000
Figure 4.2: (Top) Amplitudes of f1 taken from the least-squares fits to the individual 2010
light curves. The data show a decreasing trend of nearly 0.9 mma month−1, which is marked
by a dotted line. (Bottom) Fourier transform of the nightly amplitudes with the linear trend
removed. The mean noise level is 0.25 mma. The dashed vertical line marks the location of
a 14.1-day oscillation, and the dotted horizontal line represents the amplitude at four times
the mean noise level.
ma in 2010 May at a rate of nearly 0.9 m a month−1. Figure 4.2 presents this trend above
its FT. We exclude the 2009 data from this plot since they were taken primarily through
different passbands from the 2010 data and the measured amplitude of f1 strongly depends
on the observed wavelengths (see §3.1.1). If the rate of decline remains linear, f1 will have
an amplitude below our detection limits (in nightly light curves) by 2011 Nov. As we discuss
later, there is no detectable periodic signal in the amplitud s.
The frequencies of f1 in all the light curves agree within their error bars, which were typ-
ically around 1.2 µHz. To investigate smaller changes in the frequency as well as variations
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in the phase, we analyzed our complete data set using the O-C technique, as discussed in the
section that follows.
4.3 The O-C Diagram
We began our construction of the O-C diagram2 by calculating a linear ephemeris for the
times of maxima in the light curve (C) of the form
C = Tc + PcE, (4.1)
where Tc is a reference time of maximum, Pc the pulsation period, and E the cycle num-
ber measured from Tc. Since keeping track of E correctly over an extended period of time
requires an exceptionally accurate starting frequency, we used the period resulting from the
least-squares fits to the combined 2010 light curve for Pc. Our observing run on 2010 Mar 10
falls near the middle of this combined light curve, and, consequently, we employed the time
of maximum determined from its least-squares fit for Tc. The observed times of maxima (O)
were taken from the least-squares fits to the individual light curves, and their corresponding
cycle numbers were computed using equation (4.1). These results are listed in Appendix C.
Figure 4.3 presents the O-C diagram created by subtracting the calculated from the ob-
served times of maxima. A sinusoidal oscillation dominates the overall structure. The si-
nusoid is superimposed on a parabolic trend indicative of a secular change in the pulsation
period. The presence of the sinusoid is even more apparent in the FT of the O-C diagram
2For a review of the basic principles behind the O-C method, we refer the reader to Kepler (1993).
68
4 Barlow et al.
    
-40
-30
-20
-10
0
10
20
O-
C 
(s
)
O-C Diagram
    
-15
0
15
Re
sid
ua
ls 
(s
)
-300 -200 -100 0
Time (BJED-2455266.6)
-15
0
15
Re
sid
ua
ls 
(s
)
Figure 4. (Top) The O-C diagram for CS 1246. O-C values were computed using f1 and a linear ephemeris. The diagram is
dominated by a strong sinusoidal pattern with a period of 14.1 days overlaid on a parabola. (Middle) O-C points after removal of the
quadratic term and (Bottom) after removal of both the parabola and sine wave. The mean noise level in the pre-whitened diagram
is 0.75s.
data. During this process, the points were weighted by
their phase error bars as determined from the least-squares
fits. Inspecting both equations (1) and (2), one finds that
the resulting values for ∆T and ∆P provide corrections
to our initial estimates for the reference time of maxi-
mum and period from which we derive a final pulsational
ephemeris for the times of maxima:
tmax = To + PE +
1
2
PP˙E2 + A sin
(
2piE
Π
+ φ
)
. (3)
Table 1 displays the best-fit parameters for this ephemeris.
The parabolic component of the fit indicates a sec-
ular decrease in the pulsational period on the order of 1
ms every 1.7 yrs. We attribute this variation to structural
changes in CS 1246 as it evolves, as we discuss further
in §6. Removing this signal from the O-C data (Figure
4, middle panel) more clearly reveals the two-week phase
oscillation, which has a semi-amplitude of nearly 11s. We
point out that even the 2009 data, which are separated
from the 2010 points by more than five months, phase
well to this oscillation. We find no additional phase vari-
ations after removing the parabolic and sinusoidal terms
in either the O-C diagram (Figure 4, bottom panel) or its
FT (Figure 5, bottom panel). The mean noise level in the
FT of the pre-whitened O-C diagram is 0.75 s.
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Figure 5. Fourier transform of the O-C values after removal of
the quadratic term (middle panel). For reference, the window
function for a sine wave sampled in the same manner as our
data is also shown (top panel). The Fourier transform of the
data with the parabola and sine wave removed (bottom panel)
has a mean noise level of 0.75 s. The dashed line marks the 4-σ
level.
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F gure 4.3: (Top) The O-C diagram f r CS 1246. O-C values were com u ed using f1 and a
linear ephemeris. The diagram is dominated by a strong sinusoidal pattern with a period of
14.1 days overlaid on a parabola. (Middle) O-C points after removal of the quadratic term
and (Bottom) after removal of both the parabola and sine wave. The mean noise level in the
pre-whitened diagra is 0.75s.
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with the quadratic term removed, as shown in Figure 4.4. To quantify these structures, we
performed a simultaneous fit to the O-C values including both parabolic and sinusoidal terms
using the expression
O −C = ∆T + ∆PE + 1
2
PP˙E2 + A sin
(
2piE
Π
+ φ
)
. (4.2)
We used the IDL routine MPFIT (Markwardt, 2009), which employs the Levenberg-Marquardt
method, to perform a non-linear least-squares fit of equation (4.2) to the data. During this
process, the points were weighted by their phase error bars as determined from the least-
squares fits. Inspecting both equations (4.1) and (4.2), one finds that the resulting values for
∆T and ∆P provide corrections to our initial estimates for the reference time of maximum
and period from which we derive a final pulsational ephemeris for the times of maxima:
tmax = To + PE +
1
2
PP˙E2 + A sin
(
2piE
Π
+ φ
)
. (4.3)
Table 4.1 displays the best-fit parameters for this ephemeris.
The parabolic component of the fit indicates a secular decrease in the pulsational period
on the order of 1 ms every 1.7 yrs. We attribute this variation to structural changes in CS
1246 as it evolves, as we discuss further in §4.6. Removing this signal from the O-C data
(Figure 4.3, middle panel) more clearly reveals the two-week phase oscillation, which has
a semi-amplitude of nearly 11s. We point out that even the 2009 data, which are separated
from the 2010 points by more than five months, phase well to this oscillation. We find no
additional phase variations after removing the parabolic and sinusoidal terms in either the O-
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Figure 4. (Top) The O-C diagram for CS 1246. O-C values were computed using f1 and a linear ephemeris. The diagram is
dominated by a strong sinusoidal pattern with a period of 14.1 days overlaid on a parabola. (Middle) O-C points after removal of the
quadratic term and (Bottom) after removal of both the parabola and sine wave. The mean noise level in the pre-whitened diagram
is 0.75s.
data. During this process, the points were weighted by
their phase error bars as determined from the least-squares
fits. Inspecting both equations (1) and (2), one finds that
the resulting values for ∆T and ∆P provide corrections
to our initial estimates for the reference time of maxi-
mum and period from which we derive a final pulsational
ephemeris for the times of maxima:
tmax = To + PE +
1
2
PP˙E2 + A sin
(
2piE
Π
+ φ
)
. (3)
Table 1 displays the best-fit parameters for this ephemeris.
The parabolic component of the fit indicates a sec-
ular decrease in the pulsational period on the order of 1
ms every 1.7 yrs. We attribute this variation to structural
changes in CS 1246 as it evolves, as we discuss further
in §6. Removing this signal from the O-C data (Figure
4, middle panel) more clearly reveals the two-week phase
oscillation, which has a semi-amplitude of nearly 11s. We
point out that even the 2009 data, which are separated
from the 2010 points by more than five months, phase
well to this oscillation. We find no additional phase vari-
ations after removing the parabolic and sinusoidal terms
in either the O-C diagram (Figure 4, bottom panel) or its
FT (Figure 5, bottom panel). The mean noise level in the
FT of the pre-whitened O-C diagram is 0.75 s.
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Figure 5. Fourier transform of the O-C values after removal of
the quadratic term (middle panel). For reference, the window
function for a sine wave sampled in the same manner as our
data is also shown (top panel). The Fourier transform of the
data with the parabola and sine wave removed (bottom panel)
has a mean noise level of 0.75 s. The dashed line marks the 4-σ
level.
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Figure 4.4: Fourier transform of the O-C values after removal of the quadratic term (middle
panel). For reference, the window function for a sine wave sampled in the same manner as
our data is also shown (top panel). The Fourier transform of the data with the parabola and
sine wave removed (botto pa el) has a mean noise level of 0.75 s. The dashed line marks
the 4-σ level.
C diagram (Figure 4.3, bottom panel) or its FT (Figure 4.4, bottom panel). The mean noise
level in the FT of the pre-whitened O-C diagram is 0.75 s.
4.4 The Combined Light Curve
Three global variations associated with the pulsations of f1 have been presented thus far:
an amplitude decrease, a two-week phase oscillation, and a decrease in the pulsation period.
Each of these phenomena should manifest itself in the FT of the combined light curve in a
particular way. For this reason and to look for lower-amplitude signals not detectable in the
nightly light curves, we combined the light curves and computed the Fourier transform of
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TABLE 4.1
Ephemeris parameters for the times of light maxima given in Eqn. 4.3
Parameter Value Error Units Comments
To 2455266.604605 ± 0.000004 days time of light maximum
P 371.69162 ± 0.00004 s f1 pulsational perioda
P˙ -1.9 × 10−11 ± 0.3× 10−11 s s−1 f1 pulsational period changea
A 10.7 ± 0.4 s fortnightly phase variation semi-amplitude
Π 14.103 ± 0.010 days fortnightly phase variation period
φ 0.023 ± 0.007 cycles fortnightly phase variation phasea
aas measured at To
the result. The 2009 light curves were ignored in this analysis since they are few in number
compared to the 2010 data and the large gaps they introduce to the combined light curve
overly complicate the window function.
Figure 4.5a shows the amplitude spectrum of the complete light curve with an expanded
view around f1, which clearly dominates the spectrum. After removing a sine wave of fixed
frequency and amplitude from the light curve and re-computing the FT (Figure 4.5b), one
can see significant power at the location of the first harmonic of the main mode (5381 µHz)
with an amplitude near 0.6 mma. The probability that random noise could produce this much
signal by chance at exactly 2 f1 is less than 10−12; consequently, we regard this signal as real.
Evaluating the amplitude spectra of light curves combined month-by-month provides further
support for the presence of the first harmonic.
Even more prominent than the first harmonic, the amplitude spectrum of the pre-whitened
light curve reveals a substantial amount of residual structure surrounding the location of f1.
The most significant of these signals is an apparent 0.82-µHz splitting of f1 and its sidelobes,
which is shown in the right half of Figure 4.5b. With an amplitude nearly 10% that of the
original mode, these components are split by exactly 1/14.1 day, corresponding to the period
of the phase oscillation observed in the O-C diagram. An additional splitting with an even
72
6 Barlow et al.
2000 4000 6000 8000 10000
Frequency (µHz)
0.0
0.5
1.0 Window
(calculated at f1)
2640 2660 2680 2700 2720 2740
Frequency (µHz)
0.0
0.5
1.0 Window
(expanded)
     
0
4
8
12
16 a
      
0
4
8
12
16 a (expanded)
     
0.0
0.5
1.0
1.5
Am
pli
tu
de
 (m
m
a) b
      
0.0
0.5
1.0
1.5
Am
pli
tu
de
 (m
m
a) b (expanded)
2000 4000 6000 8000 10000
Frequency (µHz)
0.0
0.2
0.4
0.6 c
2640 2660 2680 2700 2720 2740
Frequency (µHz)
0.0
0.2
0.4
0.6 c (expanded)
Figure 6. (a) Amplitude spectrum of the combined 2010 light curve (left column) with expansions around f1 (right column). (b)
Spectrum of the light curve pre-whitened by a sine wave with frequency f1, which reveals a 0.82-µHz splitting of f1. Note also the
presence of the first harmonic to f1. (c) Amplitude spectrum of the data pre-whitened by the best fit of equation (4). The mean
noise level is around 0.074 mma.
Table 2. Best fit parameters to Eqn. (4)
Parameter Value Error Units Comment
a1 17.71 ± 0.075 mma f1 amplitudea
a˙1 -0.0298 ± 0.0027 mma day−1 f1 amplitude changeb
a2 0.5858 ± 0.075 mma 2f1 amplitudea,c
P 371.691646 ± 0.000033 s f1 perioda
P˙ −1.88 (fixed) 10−11 s s−1 f1 period changed
A 10.69 ± 0.35 s f1 phase oscillation semi-amplitude
Π 14.067 ± 0.032 day f1 phase oscillation period
φ1 0.85654 ± 0.00070 cycles f1 phasea
φ2 0.435 ± 0.020 cycles f2 phasea
φpi 0.8456 ± 0.0055 cycles phase of the f1 phase oscillationa
a at t=0 corresponding to BJED 2455271.197436
b from 2010 Jan to 2010 May
c with f2 fixed to 2f1
d fixed to value from Table 1
since the circularization timescale for a binary with a two
week orbital period exceeds 2 billion years (Tassoul & Tas-
soul 1992) but would not significantly alter the results of
our mass determination.
Without information concerning the orbital motion
of the unseen companion, we are limited to computing the
mass function for the system:
f =
m3sin3i
(m+M)2
=
PK3
2piG
(6)
The companion mass (m), sdB mass (M), and inclination
angle (i) are free parameters, while the period (P ) and RV
semi-amplitude (K) of the sdB are taken from our fits to
the O-C diagram. To compute the mass of the companion,
we must assume a mass for the sdB. Barlow et al. (2010)
showed that under the assumption of a radial oscillation, a
mass of 0.39 +0.30−0.13 M! could be derived using the Baade-
Wesselink method. However, since the error bars are large
and the radial nature of f1 remains unproven, we use both
c© 0000 RAS, MNRAS 000, 000–000
Figure 4.5: (a) Amplitude spectrum of the combined 2010 light curve (left column) with
expansions around f1 (right column). (b) Spectrum of the light curve pre-whitened by a sine
wave with frequency f1, which reveals a 0.82-µHz splitting of f1. Note also the presence of
the first harmonic to f1. (c) Amplitude spectrum of the data pre-whitened by the best fit of
equation (4.4). The mean noise level is around 0.074 mma.
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tighter frequency separation and much smaller amplitude is also visible in the panel.
To test whether the above structures are consistent with the aforementioned three global
variations associated with f1, we modeled the complete light curve with the function
I(t) = (a1 + a˙1t) sin
[
2pit
P + P˙t
+ φ1 + φ(t)
]
+ a2 sin
 2pitP
2 +
P˙
2 t
+ φ2 + 2φ(t)
 , (4.4)
which includes a fundamental mode and first harmonic with linear period changes. Addition-
ally, the fundamental mode is given a linear amplitude variation. Both terms contain a phase
oscillation given by
φ(t) =
2piA
P + P˙t
sin
(
2pit
Π
+ φpi
)
. (4.5)
Fixing P˙ to its value determined from the O-C diagram, we let all other parameters vary
freely and used MPFIT to find the best-fitting values shown in Table 4.1. We note that all
fitted parameters determined previously in this manuscript (P, A, Π, a˙1, a1, a2) using other
methods (O-C diagram, night-by-night light curve fits) agree with those in the table to within
the errors. Subtracting this fit from the data and re-calculating the FT (Figure 4.5c) shows our
model removed essentially all of the signals centred around f1. The only signal remaining in
the amplitude spectrum after this process is a low-amplitude peak offset by 15 µHz from f1
at 2715 µHz. The frequency separation from f1 implies an interaction timescale of 0.5 day.
The origin of this signal is unclear, but the probability that noise could produce it by chance
is less than 10−5.
Other scenarios could also lead to the residual FT structure observed around f1 in Fig-
ure 4.5b, but they would have to do by conspiracy what our proposed model does naturally.
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TABLE 4.1
Best fit parameters to Eqn. (4.4)
Parameter Value Error Units Comment
a1 17.71 ± 0.075 mma f1 amplitudea
a˙1 -0.0298 ± 0.0027 mma day−1 f1 amplitude changeb
a2 0.5858 ± 0.075 mma 2 f1 amplitudea,c
P 371.691646 ± 0.000033 s f1 perioda
P˙ −1.88 ( f ixed) 10−11 s s−1 f1 period changed
A 10.69 ± 0.35 s f1 phase oscillation semi-amplitude
Π 14.067 ± 0.032 day f1 phase oscillation period
φ1 0.85654 ± 0.00070 cycles f1 phasea
φ2 0.435 ± 0.020 cycles f2 phasea
φpi 0.8456 ± 0.0055 cycles phase of the f1 phase oscillationa
a at t=0 corresponding to BJED 2455271.197436
b from 2010 Jan to 2010 May
c with f2 fixed to 2f1
d fixed to value from Table 4.1
The equidistant triplets might be produced by (a) the splitting of f1 by stellar rotation, (b)
the presence of additional independent pulsation frequencies symmetrically disposed about
the original, (c) one independent pulsation frequency and a combination mode at the differ-
ence between it and the first harmonic, and (d) amplitude variability of f1. None of these
is appealing nor as effective as the model of equation (4.4) at removing the residual power.
In particular, all of the alternative models predict an amplitude modulation of f1 with a pe-
riod of two weeks, which is not seen in the Fourier transform of the amplitude fits after the
decreasing amplitude trend is removed (Figure 4.2, bottom panel).
4.5 Binary System Parameters
Under the assumption that the O-C variations represent reflex motion due to an orbital
companion, we have fitted the best orbital parameters. Using the fits in Table 4.1, CS 1246
moves about a barycentre at least 11 light-seconds (4.7 Rsun) away with a period of two
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Figure 7. (Top) Phase-folded O-C diagram with parabola re-
moved. The O-C points were folded on the fortnightly peri-
odicity and averaged into ten bins. The dotted line shows the
circular orbit fit to the O-C diagram. (Bottom) Residual O-C
values after removal of a sinusoid fit.
Table 3. System Parameters
Param Value Error Units Comment
Π 14.105 ± 0.011 days orbital period
K 16.6 ± 0.6 km s−1 RV semi-amplitudea
f 0.0066 ± 0.0007 M! mass function
a 0.0910 ± 0.0003 AU separation distanceb
0.0963 ± 0.0003 AU separation distancec
m sin i 0.115 ± 0.005 M! minimum companion massb,d
0.129 ± 0.005 M! minimum companion massc,d
acircular orbit approximation
bassuming an sdB mass of 0.39 M!
cassuming the canonical sdB mass of 0.47 M!
dassumes no error bar on the sdB mass
this mass and the canonical sdB mass (0.47M!; Han et al.
2002, 2003) to derive the system parameters shown in Ta-
ble 3.
The minimum mass derived for the unseen compan-
ion is 0.12 M!. Further limitations could be placed on this
mass by constraining the inclination angle of the system.
If the orbital plane is nearly edge-on (i " 90 deg), primary
and secondary eclipses will occur when the O-C variations
are close to their maximum and minimum values, respec-
tively. To look for an eclipse, we carefully monitored the
light curve using three of the PROMPT telescopes on 2010
Jun 21 (UTC) at a time when equation (3) predicts a pri-
mary eclipse of the sdB in the case of an edge-on orbital
plane. None of the light curves showed any sign of a signal
loss. Given the large separation distance, the absence of
an eclipse only rules out inclination angles greater than
89 deg, which increases the minimum mass we report by a
negligible amount.
Under the assumption of randomly distributed orbital
plane orientations, one computes the probability of observ-
ing a system at an inclination angle i less than or equal to
θ as
Probability (i < θ) = 1− cos θ (7)
From this we calculate a 96% probability that the compan-
ion mass is less than 0.45 M!, hence the object is most
likely a low-mass white dwarf or late-type main sequence
M-dwarf. Optical spectra of CS 1246 (Barlow et al. 2010)
show no clear signatures of a companion, but this result is
consistent with both companion possibilities. Optical re-
flection effects are often observed in sdB+dM systems, but
even if the albedo of the M-dwarf were 1.0, the relatively
large separation distance would result in a maximum flux
increase less than 0.01 mma, a modulation well below our
detection limits. An infrared excess would be expected for
CS 1246 if the companion is a main sequence star with
mass exceeding 0.45 M! (Lisker et al. 2005). Unfortu-
nately, the presence of the Coalsack Nebula along our line
of sight significantly reddens the system flux and compli-
cates identification of an infrared excess from a companion.
6 THE EVOLUTION OF CS 1246
Clues to the current evolutionary state of CS 1246 may be
found through consideration of the pulsational P˙ . Accord-
ing to the models of Charpinet et al. (2002), changes in the
periods of acoustic modes in EHB stars are dominated by
two primary phases. During the first, a decrease in the sur-
face gravity causes the periods to increase steadily as the
sdB star evolves away from the zero-age extended horizon-
tal branch (ZAEHB). Model stars display positive values
of P˙ in this phase. The second phase of evolution begins
approximately 90 Myr after the ZAEHB when the den-
sity of thermonuclear fuel in the core begins to decrease
dramatically. Responding to the reduced energy produc-
tion, the model stars contract, and the resulting increase
in surface gravity leads to a decrease in acoustic mode pe-
riods and hence a negative value for P˙ . This phase lasts
until the onset of the post-EHB phase approximately 110
Myr after the ZAEHB, at which point the He in the core
is completely exhausted. Thereafter, He fusion may be-
gin in the shell, the radius begins to increase, and the
star heads towards the white dwarf cooling sequence after
passing through the sdO regime of the H-R diagram. Most
helium-deficient sdO stars are believed to be the progeny
of sdB stars evolving in this way.
Our negative value of P˙ , interpreted as an evolution-
ary effect, implies CS 1246 is nearing the end of its life
as an EHB star or has already done so. The contraction
resulting from the depletion of He in the core yields an
increased surface gravity, which leads to a decrease in the
pulsational period of -571 ± 85 s Myr−1. Charpinet et al.
(2002) calculated values of P˙ for sdB acoustic modes (their
Appendix C) for representative models at different ages.
Comparing our P˙ to all of their theoretical ones, we find
our rate of change to be more rapid than all of their listed
values but most closely matches that of a radial mode in
a model with an age of 106.58 Myr and a hydrogen layer
mass of 0.0042 M!. Our faster P˙ could result from CS
1246 having a thicker hydrogen layer than any of their
models, since Charpinet et al. (2002) show increasing the
hydrogen layer mass leads to faster period changes. It is
also possible CS 1246 exists in an evolutionary epoch not
represented in their table. Charpinet et al. (2002) note
that in advanced stages of EHB evolution, when the pe-
riod decreases most rapidly, they used simple forward dif-
ferencing to estimate theoretical P˙ values instead of cubic
spline fittings, which they used in earlier EHB stages when
the periods are more stable. A potential consequence of
this differencing is the over- or under-estimation of period
changes at these advanced evolutionary stages.
Having stated these possibilities, we stress that our
measurement of P˙ is at most an upper limit to the evo-
lutionary rate of CS 1246. Secular processes in sdB stars
work on slower timescales than other processes affecting
the phase or frequency of a mode, which in some cases
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Figure 4.6: (Top) Phase-folded O-C diagram with parabola removed. The O-C points were
folded on the fortnightly periodicity and averaged into ten bins. The dotted line shows the cir-
cular orbit fit to the O-C diagram. (Bottom) Residual O-C values after removal of a sinusoid
fit.
weeks. If the orbit is perfectly circular, the phase variation will b sinusoidal; otherwise, the
shape will deviate from a sine wave. As some subdwarf binaries show small eccentricities in
their orbits (Edelmann et al., 2006), we decided to evaluate the eccentricity of the orbit by
investigating both the phase-folded O-C curve and the Fourier transform thereof. Figure 4.6
presents the phase-folded O-C diagram after re oval of the parabolic trend.
The best-fitting orbital parameters to the folded O-C diagram yield an eccentricity of  =
0.04± 0.04, which we take to be co si tent with a circular orbit. The absence of a prominent
first harmonic (at 0.14 day−1) in the FT of the O-C diagram (Figure 4.4, bottom panel), which
would be expected for a considerably elliptical orbit, corroborates this conclusion. Some
degree of eccentricity might be expect d since the circularization timescale for a binary with
a two week orbital period exceeds 2 billion years (Tassoul & Tassoul, 1992) but would not
significantly alter the results of our mass determination.
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Table 4.1: System Parameters
Parameter Value Error Units Comments
Π 14.105 ± 0.011 days orbital period
K 16.6 ± 0.6 km s−1 RV semi-amplitudea
f 0.0066 ± 0.0007 Msun mass function
a 0.0910 ± 0.0003 AU separation distanceb
0.0963 ± 0.0003 AU separation distancec
m sin i 0.115 ± 0.005 Msun minimum companion massb,d
0.129 ± 0.005 Msun minimum companion massc,d
acircular orbit approximation
bassuming an sdB mass of 0.39 Msun
cassuming the canonical sdB mass of 0.47 Msun
dassumes no error bar on the sdB mass
Without information concerning the orbital motion of the unseen companion, we are
limited to computing the mass function for the system:
f =
m3 sin3 i
(m + M)2
=
PK3
2piG
(4.6)
The companion mass (m), sdB mass (M), and inclination angle (i) are free parameters, while
the period (P) and RV semi-amplitude (K) of the sdB are taken from our fits to the O-C
diagram. To compute the mass of the companion, we must assume a mass for the sdB. In
Chapter 3 we showed that under the assumption of a radial oscillation, a mass of 0.39 +0.30−0.13
Msun could be derived using the Baade-Wesselink method. However, since the error bars are
large and the radial nature of f1 remains unproven, we use both this mass and the canonical
sdB mass (0.47 Msun; Han et al. 2003, 2002) to derive the system parameters shown in Table
4.1.
The minimum mass derived for the unseen companion is 0.12 Msun. Further limitations
could be placed on this mass by constraining the inclination angle of the system. If the orbital
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plane is nearly edge-on (i ' 90 deg), primary and secondary eclipses will occur when the O-
C variations are close to their maximum and minimum values, respectively. To look for an
eclipse, we carefully monitored the light curve using three of the PROMPT telescopes on
2010 Jun 21 (UTC) at a time when equation (4.3) predicts a primary eclipse of the sdB in
the case of an edge-on orbital plane. None of the light curves showed any sign of a signal
loss. Given the large separation distance, the absence of an eclipse only rules out inclination
angles greater than ' 89 deg, which increases the minimum mass we report by a negligible
amount.
Under the assumption of randomly distributed orbital plane orientations, one computes
the probability of observing a system at an inclination angle i less than or equal to θ as
Probability (i < θ) = 1 − cos θ (4.7)
From this we calculate a 96% probability that the companion mass is less than 0.45 Msun,
hence the object is most likely a low-mass white dwarf or late-type main sequence M-dwarf.
Optical spectra of CS 1246 show no clear signatures of a companion, but this result is con-
sistent with both companion possibilities. Optical reflection effects are often observed in
sdB+dM systems, but even if the albedo of the M-dwarf were 1.0, the relatively large sepa-
ration distance would result in a maximum flux increase less than 0.01 mma, a modulation
well below our detection limits. An infrared excess would be expected for CS 1246 if the
companion is a main sequence star with mass exceeding 0.45 Msun (Lisker et al., 2005). Un-
fortunately, the presence of the Coalsack Nebula along our line of sight significantly reddens
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the system flux and complicates identification of an infrared excess from a companion.
4.6 The Evolution of CS 1246
Clues to the current evolutionary state of CS 1246 may be found through consideration
of the pulsational P˙. According to the models of Charpinet et al. (2002), changes in the
periods of acoustic modes in EHB stars are dominated by two primary phases. During the
first, a decrease in the surface gravity causes the periods to increase steadily as the sdB star
evolves away from the zero-age extended horizontal branch (ZAEHB). Model stars display
positive values of P˙ in this phase. The second phase of evolution begins approximately 90
Myr after the ZAEHB when the density of thermonuclear fuel in the core begins to decrease
dramatically. Responding to the reduced energy production, the model stars contract, and
the resulting increase in surface gravity leads to a decrease in acoustic mode periods and
hence a negative value for P˙. This phase lasts until the onset of the post-EHB phase approxi-
mately 110 Myr after the ZAEHB, at which point the He in the core is completely exhausted.
Thereafter, He fusion may begin in the shell, the radius begins to increase, and the star heads
towards the white dwarf cooling sequence after passing through the sdO regime of the H-R
diagram. Most helium-deficient sdO stars are believed to be the progeny of sdB stars evolving
in this way.
Our negative value of P˙, interpreted as an evolutionary effect, implies CS 1246 is nearing
the end of its life as an EHB star or has already done so. The contraction resulting from the
depletion of He in the core yields an increased surface gravity, which leads to a decrease in the
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pulsational period of -571 ± 85 s Myr−1. Charpinet et al. (2002) calculated values of P˙ for sdB
acoustic modes (their Appendix C) for representative models at different ages. Comparing
our P˙ to all of their theoretical ones, we find our rate of change to be more rapid than all of
their listed values but most closely matches that of a radial mode in a model with an age of
106.58 Myr and a hydrogen layer mass of 0.0042 Msun. Our faster P˙ could result from CS
1246 having a thicker hydrogen layer than any of their models, since Charpinet et al. (2002)
show increasing the hydrogen layer mass leads to faster period changes. It is also possible
CS 1246 exists in an evolutionary epoch not represented in their table. Charpinet et al. (2002)
note that in advanced stages of EHB evolution, when the period decreases most rapidly, they
used simple forward differencing to estimate theoretical P˙ values instead of cubic spline
fittings, which they used in earlier EHB stages when the periods are more stable. A potential
consequence of this differencing is the over- or under-estimation of period changes at these
advanced evolutionary stages.
Having stated these possibilities, we stress that our measurement of P˙ is at most an upper
limit to the evolutionary rate of CS 1246. Secular processes in sdB stars work on slower
timescales than other processes affecting the phase or frequency of a mode, which in some
cases drive the observed P˙ to faster changes (Kawaler, 2010). Proper motion, for example,
can contribute to the measured period changes in pulsating stars (Pajdosz, 1995), but the
expected contribution in our case is several orders of magnitude smaller than our observed P˙
and inconsequential to our analysis.
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4.7 The Importance of Sampling Rate in O-C Data
Lastly, we would like to stress the importance of a high sampling rate in O-C studies.
Figure 4.7 presents the O-C points from all of our light curves taken in 2010 plotted above
the same data set sampled in different manners. Since the phase varies with a period of two
weeks, obtaining O-C values less frequently than we did makes detection of this signal more
difficult. This idea is illustrated in the middle panel of Figure 4.7, which shows an O-C
diagram created from one fourth of the original light curves, selected at random. The large
amount of scatter about a linear fit would hint that a more complicated function is needed
to fit the data, but quantifying the exact temporal behavior of the phase would be difficult.
The bottom panel of Figure 4.7 shows an even more extreme case. Here, we construct an
O-C diagram using only eight of the original light curves that together create the illusion of a
parabola that could be interpreted wrongly as an extremely rapid P˙. However, sampling the
data in so misleading a way would require an extremely unlucky observer. These scenarios
illustrate the importance of sampling phase measurements often.
4.8 Discussion & Outlook
Using the O-C technique, we have discovered an apparent orbital reflex motion in CS
1246 and measured an upper limit of P˙ for its main pulsation mode. This marks the second
time both quantities have been derived for an sdBV star using this method. The first measure-
ments were from Silvotti (2007). The measured rate of period change, if secular, implies the
star has either already exhausted the He in its core or is quickly approaching the post-EHB
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FIGURE 4. Effects of different sampling rates. (Top) O-C points from all of our light curves taken
in 2010. (Middle) O-C diagram constructed from one-fourth of the light curves used above, selected at
random. (Bottom) Diagram created by selecting eight light curves specifically to mimic a parabola.
parabola that could be interpreted wrongly as an extremely rapid P˙. However, sampling
the data in so misleading a way would require an extremely unlucky observer.
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Figure 4.7: Effects of different sampling intervals on the interpretation of the O-C diagram.
Top: O-C points from all of our light curves taken in 2010. Middle:O-C diagram constructed
from one-fourth of the light curves used above, selected at random. Bottom: Diagram created
by selecting eight light curves specifically to mimic a parabola.
82
stage. Models show the structure of sdB stars in this evolutionary state change dramatically
fast, and it may even be possible to measure P¨ within a few years.
An analysis using Kepler’s law shows the companion has a minimum mass near 0.12 Msun
and is most likely a white dwarf or late-type main sequence star. The separation distance
implies the companion was potentially inside the envelope of the sdB progenitor during its
red giant phase and might even be responsible for the ejection of the envelope (see Han et al.
2003, 2002). We cannot rule out the presence of additional bodies in the system, but we
can limit the possible combinations of companion masses and separation distances using the
detection limits from the Fourier transform of our O-C data. The shaded region in Figure
4.8 shows combinations of masses and separation distances leading to phase wobbles that
are undetectable using our current data set. Our ability to detect a companion with orbital
parameters inside the white region depends on the inclination angle of its orbit. The lower
solid line shows the combinations of system parameters resulting in reflex motions equal to
our detection limits, under the assumption of an edge-on orbital plane; the line moves up
with increasing inclination angle. The region is bounded on the left and right by dashed
lines corresponding to the minimum and maximum orbital periods we can detect given the
sampling rate and baseline of our O-C data; thus, we could expand the area of the white
region by obtaining phase measurements more frequently or by monitoring the system for
a longer period of time. Regardless of the sampling, additional phase measurements will
lower our detection limits and move the lower boundary (solid line) to smaller masses. As
a reference, the star symbol shows the location of the single companion we detect around
CS 1246 (plotted with its minimum mass). If the observed phase oscillation is the result of
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a binary companion, CS 1246 would show the second-lowest RV semi-amplitude and the
third-longest period of the ∼85 sdB binary systems for which orbital parameters are known
(Table A.1, Geier et al. 2011).
More statistics are needed to draw conclusions about the formation channels leading to
sdB stars from the orbital parameters of binary systems. Searches for radial velocity varia-
tions, as are being carried out by the MUCHFUSS survey (Geier et al., 2011), should uncover
a wide variety of sdB binary systems, although they are somewhat biased towards higher-
mass systems with shorter orbital periods. Pulsating sdB stars may also be used to find
unseen companions using the O-C diagram, as shown in this work and by Silvotti (2007),
and the EXOTIME project (Schuh, 2010) is currently building up O-C diagrams for several
sdBV stars to look for oscillations in the pulse timings. Although both of these surveys will
be effective at uncovering binary companions to sdB stars, their sampling rates differ signif-
icantly from the one presented in this study, and, consequently, they will not be sensitive to
the same parameter space shown in Figure 4.8.
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drive the observed P˙ to faster changes (Kawaler 2010).
Proper motion, for example, can contribute to the mea-
sured period changes in pulsating stars (Pajdosz 1995),
but the expected contribution in our case is several orders
of magnitude smaller than our observed P˙ and inconse-
quential to our analysis.
7 DISCUSSION & OUTLOOK
Using the O-C technique, we have discovered an apparent
orbital reflex motion in CS 1246 and measured an upper
limit of P˙ for its main pulsation mode. This marks the sec-
ond time such quantities have been derived for an sdBV
star using this method. The first measurements were from
Silvotti et al. (2007). The measured rate of period change,
if secular, implies the star has either already exhausted
the He in its core or is quickly approaching the post-EHB
stage. Models show the structure of sdB stars in this evo-
lutionary state change dramatically fast, and it may even
be possible to measure P¨ within a few years.
An analysis using Kepler’s law shows the companion
has a minimum mass near 0.12 M! and is most likely a
white dwarf or late-type main sequence star. The separa-
tion distance implies the companion was potentially inside
the envelope of the sdB progenitor during its red giant
phase and might even be responsible for the ejection of
the envelope (see Han et al. 2002, 2003). We cannot rule
out the presence of additional bodies in the system, but we
can limit the possible combinations of companion masses
and separation distances using the detection limits from
the Fourier transform of our O-C data. The shaded region
in Figure 8 shows combinations of masses and separation
distances leading to phase wobbles that are undetectable
using our current data set. Our ability to detect a com-
panion with orbital parameters inside the white region
depends on the inclination angle of its orbit. The lower
solid line shows the combinations of system parameters
resulting in reflex motions equal to our detection limits,
under the assumption of an edge-on orbital plane; the line
moves up with increasing inclination angle. The region is
bounded on the left and right by dashed lines correspond-
ing to the minimum and maximum orbital periods we can
detect given the sampling rate and baseline of our O-C
data; thus, we could expand the area of the white region
by obtaining phase measurements more frequently or by
monitoring the system for a longer period of time. Regard-
less of the sampling, additional phase measurements will
lower our detection limits and move the lower boundary
(solid line) to smaller masses. As a reference, the star sym-
bol shows the location of the single companion we detect
around CS 1246 (plotted with its minimum mass). If the
observed phase oscillation is the result of a binary com-
panion, CS 1246 would show the second-lowest RV semi-
amplitude and the third-longest period of the ∼85 sdB
binary systems for which orbital parameters are known
(Table A.1, Geier et al. 2011c).
More statistics are needed to draw conclusions about
the formation channels leading to sdB stars from the or-
bital parameters of binary systems. Searches for radial ve-
locity variations, as are being carried out by the MUCH-
FUSS survey (Geier et al. 2011c), should uncover a wide
variety of sdB binary systems, although they are some-
what biased towards higher-mass systems with shorter or-
bital periods. Pulsating sdB stars may also be used to find
unseen companions using the O-C diagram, as shown in
this work and by Silvotti et al. (2007), and the EXOTIME
0.01 0.10 1.00
0.01
.1
1
10
100
0.01 0.10 1.00
Separation Distance (AU)
0.01
0.1
1
10
100
Co
m
pa
nio
n 
M
as
s (
M
su
n)
Planet
Brown Dwarf
Star
Figure 8. Approximate sensitivity of our O-C diagram to com-
panions around CS 1246. The shaded region marks objects that
are not detectable using the O-C data shown in Figure 4. Com-
panions falling within the white region could be detected in our
data set, with certain restrictions on their orbital inclination an-
gle. For these calculations, we assume a mass of 0.47 M! for CS
1246. The two dashed lines mark the combinations of compan-
ion masses and separation distances leading to orbital periods
equal to the longest (right dashed line) and shortest (left dashed
line) periods detectable using our O-C data, as computed us-
ing Kepler’s third law. The solid line shows the combinations
of masses and distances resulting in reflex motions equal to our
detection limits in the Fourier transform of the O-C diagram,
under the assumption of an edge-on orbital plane. Masses be-
low this line induce reflex motion below our detection limits,
regardless of their inclination angles. The star symbol marks
the location of the companion we detected (plotted using the
minimum mass), and the two dotted horizontal lines show the
boundaries between planet and brown dwarf masses (lower dot-
ted line) and between brown dwarf and stellar masses (upper
dotted line).
project (Schuh et al. 2010) is currently building up O-C
diagrams for several sdBV stars to look for oscillations in
the pulse timings. Although both of these surveys will be
effective at uncovering binary companions to sdB stars,
their sampling rates differ significantly from the one pre-
sented in this study, and, consequently, they will not be
sensitive to the same parameter space shown in Figure 8.
Our result provides an important link between the two
aforementioned methods for detecting unseen companions
since an observable radial velocity variation should accom-
pany our fortnightly phase oscillation. The O-C diagram
is a significant tool used to discover and characterize the
nature of unseen companions, including extrasolar planets,
but no corroborative RV variations have been measured to
date. The O-C oscillation of CS 1246 implies a two-week
velocity variation with a semi-amplitude well within the
range of medium-to-high resolution spectrographs. Conse-
quently, we are planning follow-up observations to mea-
sure the RV variations. If the expected RV variation is ob-
served, it will be the first independent confirmation that
it is possible to detect stellar and planetary companions
using the O-C technique and sdB pulsations as the clock.
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Figure 4.8: Approximate sensitivity of our O-C diagram to companions around CS 1246. The
shaded region marks objects that are not detectable using the O-C data shown in Figure 4.3.
Companions falling within the white region could be detect in our data set, with certain
restrictions on their orbital inclination angle. For these calculatio s, we ssume a mass of
0.47 Msun for CS 1246. The two dashed lines mark the combinations of companion masses
and separation distances leading to orbital periods equal to the longest (right dashed line) and
shortest (left dashed line) periods detectable using our O-C data, as computed using Kepler’s
third law. The solid line shows the combinations of masses and distances resulting in reflex
motions equal to our detection limits in the Fourier transform of the O-C diagram, under
the assumption of an edge-on orbital plane. Masses below this line induce reflex motion
below our detection limits, regardless of th ir inclination angles. The star symbol marks the
location of the companion we de ected (plotted usi g the minimum mass), and the two dotted
horizontal lines show the boundaries b tween plan t and brown dwarf masses (lower dotted
line) and between brown dwarf and stellar masses (upper dotted line).
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Chapter 5
The Pulse Timing Method for Hot
Subdwarf Stars
“Careful, now. Be sure it’s right, that you can not only defend it, but that you can
explain it simply. Also make sure you have not found it just because you wanted
to, because you were sure that nature worked this way. Make sure it’s really so
and you can prove it. ”
– Ed Nather, on discoveries
The O-C diagram is an important tool used to discover and characterize the nature of un-
seen companions using pulse timings, but few RV variations confirming pulse timing results
have been measured to date; none have been measured for rapidly-pulsating stars, such as
white dwarfs and hot subdwarfs. The O-C oscillation of CS 1246 discussed in Chapter 4 im-
plies a velocity variation detectable with medium-to-high resolution spectrographs. Using the
Goodman spectrograph, we obtained spectra of the star over several months to look for this
effect. Our data reveal a velocity variation with amplitude, period, and phase in accordance
with the O-C diagram predictions1. This corroboration demonstrates that the rapid pulsations
of hot subdwarf B stars can be adequate clocks for the discovery of binary companions via
the pulse timing method.
5.1 Motivation
Because binarity plays such an important role in the story of the hot subwarfs, many
studies are being undertaken to search for unseen companions around apparently single sub-
dwarfs. As shown in Chapter 4, the pulse timing method can be applied to pulsating hot
subdwarfs to look for companions down to planetary-size. The EXOplanet search with the
Timing MEthod (EXOTIME) project (Schuh, 2010), for example, is monitoring the pulse
timings of five sdBV stars over several years. Although the required observations and anal-
ysis are relatively straight-forward, these types of studies require a large investment of tele-
scope time and a long observing baseline. This begs the question: are the rapid pulsations of
sdB stars adequate clocks for the pulse timing method?
Radial velocity variations should accompany pulsation phase oscillations caused by or-
bital reflex motion, but few systems exist with orbital parameters easily detectable by both
the RV and pulse timing methods. In fact, out of all types of pulsating stars, only two have
1This analysis of CS 1246 has been accepted for publication in the Astrophysical Journal Letters (see Barlow
et al. 2011)
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been observed with RV measurements in accordance with the results of the LTT technique:
AW Persei, a classical Cepheid (Vinko, 1993), and SZ Lyn, a δ Scuti (Bardin & Imbert, 1984;
Moffett et al., 1988; Szeidl, 1983). No such corroboration has been demonstrated yet using
pulsations with periods on the order of minutes, as exist in the pulsating white dwarf and
hot subdwarf stars. Nonetheless, much time and effort is being spent accumulating phase
measurements of these types of pulsators in hopes of discovering binary members down to
planetary-size (e.g., Mullally et al. 2008; Schuh 2010).
The pulse timings of CS 1246 provide an excellent opportunity to corroborate pulse
timing results with velocity measurements. If an orbital reflex motion is the cause of the
phase oscillation, CS 1246 should exhibit line-of-sight radial velocity variations with a semi-
amplitude of 16.6 km s−1 and period of two weeks. Moreover, the variation should be 90
degrees out-of-phase with the oscillation in the O-C diagram. We set out to look for such
variations using observations with the Goodman spectrograph, as described in the sections
that follow.
5.2 Observations
We began taking spectra of CS 1246 in January 2011 using the Goodman spectrograph.
Table 5.1 presents the details of our observations. Since an RV oscillation with an observed
semi-amplitude of 8.8 km s−1 is generated by the pulsational motions themselves (§3.2.4),
we set the exposure time of each spectrum to the pulsation period, 371.7-s. This technique
washes out the pulsational RV variations and makes it easier to detect changes in the systemic
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velocity. We used a 0.46 slit and a 2100 mm−1 VPH grating from Syzygy Optics, LLC, to
cover the spectral range 3690-4390 Å with a resolution of 0.52 Å (0.17 Å per pixel). To avoid
contaminating the spectra with light from a dim star a few arcseconds to the West, we set the
position angle along the slit to 270 degrees East of North and sacrificed observing at the
parallactic angle. Flexure in the spectrograph as an object is tracked changes the wavelength
solution slightly over several hours; consequently, we avoided taking more than 30 minutes
of stellar spectra in a row without obtaining comparison spectra of an Fe lamp. When time
permitted, we also observed an A-type radial velocity standard (HR 3383; Fekel 1999) to
determine the velocity zero-point. In total, we took 149 individual spectra of CS 1246 over a
six-month period.
Each spectral frame was bias-subtracted and flat-fielded in IRAF. Additionally, we sub-
tracted pseudo darks to remove a coherent source of stray light in the spectrograph with a
count rate of nearly six photons per minute per pixel. These calibration frames were obtained
by placing the spectrograph in the same configuration used for the target observations and in-
tegrating with the shutter open (in darkness, with the flip-mirror of the telescope closed). We
did not flux-calibrate the spectra as time did not permit us to observe spectroscopic standard
stars each night.
We combined together all spectra taken consecutively on a given night to produce master
spectra. On most nights, we were able to produce two master spectra, with total integration
times around 26 minutes and signal-to-noise ratios of 60 per resolution element, on average.
Figure 5.1 presents an example of one of these spectra plotted above the mean spectrum
created using all of our data.
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TABLE 5.1
Log of Spectroscopic Observations & Velocities
Datea HJDa Integration Time Radial Velocityb
(UT) (HJD) (s) (km s−1)
2010-11-09 2455509.85674 4 × 371.7 76.5 ± 4.9
2011-01-21 2455582.85745 7 × 371.7 49.7 ± 4.2
2011-01-22 2455583.83098 8 × 371.7 51.1 ± 2.6
2011-01-23 2455584.83992 10 × 371.7 50.7 ± 4.0
2011-01-24 2455585.83775 10 × 371.7 53.7 ± 4.2
2011-01-25 2455586.84322 9 × 371.7 49.1 ± 5.0
2011-01-26 2455587.76537 16 × 371.7 61.8 ± 3.4
2011-01-28 2455589.83534 11 × 371.7 76.9 ± 3.2
2011-02-07 2455599.78876 6 × 371.7 54.8 ± 2.2
2011-02-16 2455608.85764 6 × 371.7 71.6 ± 2.6
2011-02-17 2455609.79579 8 × 371.7 63.8 ± 3.2
2011-02-18 2455610.86934 8 × 371.7 58.5 ± 2.7
2011-02-19 2455611.80540 12 × 371.7 46.2 ± 1.4
2011-02-23 2455615.86702 5 × 371.7 69.6 ± 3.5
2011-02-24 2455616.84545 6 × 371.7 79.7 ± 4.6
2011-03-18 2455638.51437 10 × 371.7 55.3 ± 5.1
2011-03-22 2455642.63103 7 × 371.7 48.8 ± 2.9
2011-05-24 2455706.48698 3 × 371.7 81.9 ± 7.8
2011-05-26 2455707.72320 3 × 371.7 63.0 ± 4.0
a at mid-integration
b heliocentric velocities from Lorentzian+Gaussian fitting method
5.3 The Radial Velocity Curve
We employed two methods to measure the radial velocities in our master spectra. Both are
iterative processes during which we (i) create a mean spectrum from all individual spectra,
(ii) measure velocities of individual spectra based off of information from the mean, (iii)
create a new mean spectrum by velocity-shifting the individual spectra, and (iv) repeat the
above steps until the solution converges. Further details on these methods follow.
(1) Lorentzian+Gaussian Fits to H Balmer Lines Using the MPFIT routine in IDL Mark-
wardt (2009), which employs the Levenberg-Marquardt method, we first fit the sum of
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Fig. 1.— SOAR/Goodman spectra of CS 1246. Top panel: Example spectrum used to determine the RV of CS 1246 on a single night.
The spectrum shown, which is a combination of five 371.7-s exposures, has a resolution of 0.52 A˚. Bottom panel: Average of all spectra
used in this study. The spectra were individually velocity-shifted to remove the RV variation from the orbital reflex motion. The average
signal-to-noise ratio is approximately 270 per resolution element.
2. THE PULSE TIMINGS OF CS 1246
Using the 0.41-m PROMPT array, we aggressively
monitored the pulsations of CS 1246 for four consecu-
tive months in 2010 to look for secular variations in the
pulse timings. The phase of the 371.7-s pulsation mode
(the only confirmed mode) was used to construct an O-C
diagram, which revealed a parabolic secular trend with
overlying sine wave. For full details on these observa-
tions, including the construction and interpretations of
the O-C diagram, we refer the reader to Barlow et al.
(2011).
A secular decrease in the pulsational period on the or-
der of 1 ms every 1.7 years can explain the parabolic
component. We must note, however, it is plausible that
the quadratic term is instead a sine wave with period
much longer than our baseline, which could masquerade
as a parabola until a wider phase coverage is obtained.
The sinusoidal trend is undoubtedly more convincing.
Having undergone 30 cycles over the course of our ob-
serving baseline, the phase oscillation appeared in both
the amplitude spectrum of the combined light curve (as
a splitting of the main mode) and in a Fourier transform
of the O-C diagram itself. Several phenomena can be
invoked to account for this variation, but the presence
of a previously-unknown binary companion provided the
simplest explanation. As the orbiting body tugs on CS
1246, the light-travel distance changes along our line-of-
sight, resulting in a phase oscillation of the pulsations.
This hypothesis is easily falsifiable since it makes the fol-
lowing prediction: if an orbital reflex motion is the cause
of the phase oscillation, CS 1246 should exhibit line-of-
sight radial velocity variations with a semi-amplitude of
16.6 km s−1 and period of two weeks. Moreover, the
variation should be 90 degrees out-of-phase with the os-
cillation in the O-C diagram. Table 1 presents the full set
of orbital parameters predicted from the pulse timings,
as published by Barlow et al. (2011).
3. SPECTROSCOPY
We began taking spectra of CS 1246 in January 2011
using the Goodman spectrograph on the 4.1-m SOAR
telescope. Appendix A presents the details of our ob-
servations. Since an RV oscillation with an observed
TABLE 1
Orbital Parameters from the O-C Diagram
Param Value Error Units Comments
Π 14.105 ± 0.011 days orbital period
K1 16.6 ± 0.6 km s−1 CS1246 RV semi-amp
f 0.0066 ± 0.0007 M" mass function
a 0.0963 ± 0.0003 AU separation distance
msinia 0.129 ± 0.005 M" companion mass
a assuming the canonical sdB mass 0.47 M! for CS 1246
semi-amplitude of 8.8 km s−1 is generated by the pul-
sational motions themselves (Barlow et al. 2010), we set
the exposure time of each spectrum to the pulsation pe-
riod, 371.7-s. This technique washes out the pulsational
RV variations and makes it easier to detect changes in
the systemic velocity. We used a 0.46′′ slit and a 2100
mm−1 VPH grating from Syzygy Optics, LLC, to cover
the spectral range 3690-4390 A˚ with a resolution of 0.52
A˚ (0.17 A˚ per pixel). To avoid contaminating the spec-
tra with light from a dim star a few arcseconds to the
West, we set the position angle along the slit to 270 de-
grees East of North and sacrificed observing at the par-
allactic angle. Flexure in the spectrograph as an object
is tracked changes the wavelength solution slightly over
several hours; consequently, we avoided taking more than
30 minutes of stellar spectra in a row without obtaining
comparison spectra of an Fe lamp. When time permit-
ted, we also observed an A-type radial velocity standard
(HR 3383; Fekel 1999) to determine the velocity zero-
point. In total, we took 149 individual spectra of CS
1246 over a six-month period.
Each spectral frame was bias-subtracted and flat-
fielded in IRAF. Additionally, we subtracted “pseudo”
darks to remove a coherent source of stray light in the
spectrograph with a count rate of nearly six photons per
minute per pixel. These calibration frames were obtained
by placing the spectrograph in the same configuration
used for the target observations and integrating with the
shutter open (in darkness, with the flip-mirror of the tele-
scope closed). We did not flux-calibrate the spectra as
time did not permit us to observe spectroscopic standard
stars each night.
We combined together all spectra taken consecutively
on a given night to produce “master” spectra. On most
Figure 5.1: SOAR/Go dman spectra of CS 1246. Top pa el: Example spectrum used to
determine the RV of CS 1246 on a single night. The spectrum shown, which is a combination
of five 371.7-s exposures, has a resolution of 0.52 Å. Bottom panel: Average of all spectra
used in this study. The spectra were individually velocity-shifted to r move the RV variation
from the orbital reflex motion. The average signal-to-noise ratio is approximately 270 per
resolution element.
a Gaussian and Lorentizian to the individu l H Balmer line profiles in the mean spec-
trum. Fixing the shapes of the profiles to those fit in the mean spectrum, we then fit the
Balmer line profiles in the individual spectra and used the best-fit centroid values to
compute velocities. The mean velocity of each master spe trum was calculated from
the weighted-average of the Balmer line velocities. We created an improved template
by de-shifting the individual spectra using the previous RV results and repeated the
proc ss until the solution converged. Balmer lines beyond H9 were ignored since the
low signal-to-noise ratio in this part of the spectrum resulted in inconsistent fits. We
estimated the velocity error in each master spectrum using the standard deviation of
the individual line-profile measurements. If a night contained more than one master
spectrum, we averaged the resulting measurements. To check the zero-point, we lso
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measured the radial velocity of the velocity standard HR 3383. As our measurement
agreed with the published value to within the errors, we did not apply any offsets to
our measured velocities for CS 1246.
(2) Cross-Correlation Following a procedure similar to Saffer et al. (2001), we used the
fxcor routine in IRAF, which uses the technique of Tonry & Davis (1979), to compute
the velocity shift of each master spectrum. All spectra were combined into a template
that was cross-correlated against the individual, unshifted spectra. An improved tem-
plate was then created by de-shifting the individual spectra using the previous cross-
correlation results, and the process was repeated until the solution converged. We
converted the relative velocities to absolute velocities by cross correlating the template
with the spectrum of our observed radial velocity standard, HR 3383. Errors were
taken from the output of the fxcor task in IRAF. If a night contained more than one
master spectrum, we averaged the resulting RV measurements.
After determining the velocities, we used the IRAF task rvcorrect to calculate the heliocen-
tric corrections at our observing epochs and applied these corrections to our measurements.
Results are shown in Table 5.1.
RV curves produced using both methods display similar variations. Figure 5.2a presents
the curve from the Lorentzian+Gaussian method as an example. The dashed line marks the
variation predicted by the O-C diagram, with the overall systemic velocity fit as a free pa-
rameter. Figure 5.3b shows the same measurements phase-folded on the 14.1-day periodicity
observed in the O-C diagram.
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Figure 5.2: Heliocentric radial velocities of CS 1246. Top panel: RV measurements derived
from Lorentzian+Gaussian fits to the H Balmer absorption-line profiles. The dashed line
marks the velocity curve inferred from the phase oscillation in the O-C diagram, under the
assumption it is caused by orbital reflex motion. Note the agreement in the period, amplitude,
and phase. The dotted line shows the best-fitting sine wave to the data, with all parameters
left free. Bottom panel: Residuals after subtracting from the data the RV curve predicted by
the O-C diagram. The standard deviation is 4.7 km s−1.
5.4 Agreement with Pulse Timing Results
Although inspection of these figures makes clear the agreement between data and predic-
tions, we performed non-linear, least-squares fits of sine waves to the RV curves to quantify
the similarities, leaving all parameters free. Table 5.1 presents the best-fit parameters above
the O-C diagram predictions; the dotted lines in Figure 5.2 show the best-fitting sine wave
to the Lorentzian+Gaussian fit RV points. The period and amplitude calculated using both
methods agree with those predicted by the O-C diagram. Our RV data allow us to calculate
for the first time the system velocity. By fitting a sine wave to the data with the period, am-
plitude, and phase fixed to their O-C calculated values, we derive a systemic velocity of 67.3
± 1.7 km s−1.
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Fig. 3.— Phase-folded velocity curve (plotted twice). Top panel: RV curve shown in
Figure 2 folded on the period predicted by the O-C diagram (14.105 days). The dashed
line marks the velocity predicted by the O-C diagram, under the assumption of a binary
companion; the systemic velocity was left as a free parameter. The dotted line shows the
best-fitting sine wave to the data, with all parameters left free. Bottom panel: Residuals
after subtracting from the data the RV curve predicted by the O-C diagram. The standard
deviation is 4.7 km s−1
Figure 5.3: Phase-folded velocity curve (plotted twice). To panel: RV curve shown i
Figure 5.2 folded on the period predicted by the -C diagra (14.105 days). The dashed
line marks the velocity predicted by the O-C diagram, under the assumption of a binary
companion; the systemic velocity was left as a free parameter. The dotted line shows the
best-fitting sine wave to the data, with all parameters left free. Bottom panel: Residuals after
subtracting from the data the RV curve predicted by the O-C diagram. The standard deviation
is 4.7 km s−1
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5.5 Conclusions
We have presented radial velocity data confirming the binary nature of CS 1246. The
period, amplitude, and phase of the RV variation agree with those predicted by the O-C
diagram when interpreting the observed phase oscillation as an orbital reflex motion effect.
Although this is not the first instance such an agreement between pulse timing and velocity
results has been noted, this study is the first using pulsations on the order of minutes and the
first for a hot subdwarf star. Our result demonstrates that the rapid pulsations of sdB stars can
be adequate clocks for detecting binary companions using the light-travel time technique.
Since the error bars of the orbital parameters calculated from the O-C diagram fits are
smaller than those calculated from the RV curve, our characterization of the companion re-
mains the same as presented in Chapter 4. Using the canonical sdB mass (0.47 Msun) for CS
1246, we calculated the minimum mass of the companion to be 0.13 Msun. Since no eclipses
or other photometric indications of the companion have been observed, the orbital inclination
angle remains unknown, and we are limited to computing its minimum mass. There is a 95%
probability the companion mass is less than 0.45 Msun, assuming an isotropic distribution
of inclination angles. Thus, CS 1246 is most likely orbited by a low-mass white dwarf or
M-type main sequence star.
According to the binary population synthesis models of Han et al. (2003, 2002), an sdB
binary with a two-week orbital period could be the product of both common envelope ejection
and stable Roche lobe overflow formation channels. The latter is unlikely for the CS 1246
system since it predicts an early-type main sequence companion, signatures of which would
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TABLE 5.2
Velocity Curve Fit Parameters
Method Period Amplitude Systemic RV
(days) (km s−1) (km s−1)
Lorentz+Gauss 14.03 ± 0.06 19.8 ± 2.7 67.5 ± 1.9
Cross-Corr. 13.92 ± 0.15 13.9 ± 2.9 66.9 ± 2.7
O-C Diagram 14.104 ± 0.011 16.6 ± 0.6 no prediction
be visible in our spectra but are not. Both the “first” and “second” common envelope ejection
channels presented in Han et al. (2003, 2002) are more plausible. In these scenarios, the sdB
progenitor, a red giant star, transfers mass dynamically to its companion prior to reaching
the tip of the giant branch. Eventually a common envelope forms, the orbit shrinks due to
friction and tidal interactions, and the envelope of the giant star is ejected, leaving behind
a close binary composed of an sdB star with a main sequence (“first” channel) or white
dwarf (“second” channel) companion. Their models predict similar sdB masses for both
companion types. If the companion is an M-dwarf, the system might show an infrared excess,
but looking for this photometric signature is complicated by the presence of the Coalsack
Dark Nebula, which reddens the light significantly. Due to these complications, we are left
with no choice but to continue improving measurements of the orbital parameters of this
system using additional pulse timing data.
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Chapter 6
Conclusions & Outlook
“This is not a normal way of life. Very few people in the world do the same thing,
but for all my unknown colleagues in some other dawn on another mountain,
thoughts will be similar. There is a deep content at having been awake with the
universe, at watching the faint glow of some part of it. Possibly I have tonight
even asked it an important question.”
– Jesse L. Greenstein
6.1 A Search for Variables
We conducted a survey for new variable and pulsating sdB stars using the PROMPT
telescopes and presented the results in Chapter 2. In addition to an ongoing search by as-
tronomers at the South African Astronomical Observatory, our survey remains one of only a
few to have focused on Southern-hemisphere hot subdwarfs.
Over a period of two years, we obtained light curves for more than two hundred targets
with PROMPT and discovered an eclipsing sdB+M-dwarf binary and a handful of new sdBVr
stars. Several non-sdB variables (δ Scuti, RR Lyrae) were also found. Our survey yield
(' 3%) is not unlike those of previous sdB pulsator searches in the Northern Hemisphere.
Most stars were not observed to vary, but this should not discourage follow-up photometry
since many sdBV stars show amplitude variations Kilkenny (2010). Consequently, we have
included detection limits for each target observed in our survey to inform future observations
(Appendix A).
6.2 Mass from the Baade-Wesselink Method
In Chapter 3 we demonstrated it is possible to measure the radius and mass of an sdB
star using the Baade-Wesselink method (Baade, 1926; Wesselink, 1946). This required high
S/N photometry of CS 1246 from PROMPT and spectroscopy from the Goodman Spectro-
graph on the SOAR telescope. Although the technique has been used on other types of
pulsating stars, namely Cepheids and RR Lyraes, our study was the first to apply it to a
hot subdwarf. Before this work, avenues for calculating sdB masses were limited to astero-
seismology and binary light curve-modeling. The Baade-Wesselink technique, which is less
model-dependent, provides an alternative method for computing masses and testing binary
formation scenarios.
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The photometry used in this project served an additional purpose: it demonstrated the
advantages of an observatory that is 100% automated. The PROMPT telescopes operate
under the control of SKYNET, a prioritized queue-scheduling system that allows registered
users to acquire, view, and download data from any location in the world via a PHP-enabled
Web server. The SKYNET system enables automated data collection at times that would be
inconvenient or impossible for a human observer. Our multi-color photometry (Figure 3.2)
was obtained with PROMPT while we were in Detroit, Michigan, supporting the Univer-
sity of North Carolina Men’s Basketball team at the 2009 NCAA National Championship.
Obtaining these data using classical observing methods would have been an expensive and
time-consuming undertaking; remote observing would have forced us to miss the champi-
onship.
6.3 Pulse Timings Reveal Companions
One of the major accomplishments of this dissertation is the verification that the pulsa-
tions of hot subdwarfs stars can be used to detect the presence of unseen companions, which
we presented in Chapters 4 & 5. We observed the pulse timings of CS 1246 with PROMPT
over a 14-month period and found evidence for a low-mass companion in a two-week orbit.
Additionally, the O-C diagram constructed from our timing data revealed a parabolic struc-
ture indicative of a slow change in the pulsation period. If real, the P˙ we measure suggests
the star is contracting and perhaps evolving off of the extended horizontal branch. We must
note, however, that the parabolic term in the O-C diagram might actually be a sine wave with
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an extremely long period, which would imply the presence of a third body in the system with
a large separation distance and mass. A longer baseline of observations is need to determine
the true nature of this feature.
In order to verify the presence of the unseen companion implied by the pulse timing
data, we looked for orbital reflex motion in CS 1246 by measuring its radial velocity over
several months using spectroscopy from the Goodman spectrograph. Our spectra reveal a
velocity variation with amplitude, period, and phase in accordance with the O-C diagram
predictions. This corroboration demonstrates that the rapid pulsations of hot subdwarf B
stars can be adequate clocks for the discovery of binary companions via the pulse timing
method. Our results along with those of Silvotti (2007) show the technique is sensitive to
low-mass companions with fairly long orbital period and fills a void left by composite-color
and radial velocity searches for binaries, which are heavily biased towards companions that
are bright, closely-orbiting, and massive.
6.4 Future Directions
The results presented in this thesis and the new observational avenues they open up de-
mand follow-up work in several areas. First, we hope to re-observe some of the survey targets
showing peaks in the FT near our detection threshold; these are visible in Figure 2.2 as points
near the 4-σ line. The variations observed in the light curve of HE 0341-2449, for instance,
need to be confirmed with a telescope other than PROMPT since the detected period is near
the wobble period of the mount.
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Our demonstration that pulse timing measurements can detect companions around sdB
stars confirms it is a fruitful observational avenue for addressing the binary fraction of hot
subdwarfs. Interestingly, the first two exhaustive O-C diagrams of apparently-single sdBVs
published both revealed the presence of previously-unknown, low-mass companions (Barlow
et al., 2011; Silvotti, 2007). Several other studies currently being conducted (e.g., Schuh
2010) might show similar successes. Although the timing method can only be applied to
variable systems, it is much more sensitive to lower-mass companions than most other binary
detection methods and can detect them at larger separation distances. Even if no candidates
are found, exquisite limits on the period rate-of-change will help constrain the evolutionary
rates of these stars.
Because of our success with the O-C diagram study presented in Chapter 4, we are cur-
rently investigating an extension of the technique that might lead to direct measurements of an
sdB mass. Unless a binary system shows spectral features from each member, only the mass
function can be computed from orbital dynamics. If the system shows both primary and sec-
ondary eclipses and has a well-determined orbital geometry, one can calculate both masses as
if the binary were double-lined (see Kaplan 2010). Hot subdwarfs in eclipsing binary systems
with M-dwarfs meet these criteria. If the orbit is circular and viewed nearly edge-on (as is
the case for eclipsing systems), secondary eclipses will not occur exactly halfway in between
primary eclipses due to the light travel time delay across the orbit (the Ro¨mer delay). EC
10246-2707, the eclipsing sdB+dM discovered in our survey, and other similar systems are
potential candidates for this technique. Although the expected time delays are small, on the
order of seconds, O-C diagrams created individually for the primary and secondary eclipses
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might provide phase determinations precise enough to detect this effect. If so, the technique
could supply measurements of hot subdwarfs masses virtually independent of models. We
are currently obtaining follow-up data of the eclipsing sdB+dM system we discovered, EC
10246-2707, with this goal in mind.
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Appendix A
Survey Observations & Results
Table A.1: Online Subdwarf Database Survey Objects
Target Name RA DEC Type Mag Exptime Numpts Noise Amax
(J2000) (J2000) (V) (s) (mma) (mma)
MCT 2359-3556 00:01:37.62 -35:39:53.08 sdB 14.6 40.0 171 0.4 1.1
MCT 0003-3509 00:05:56.68 -34:53:06.48 sdB 15.2 40.0 173 1.1 3.7
MCT 0004-2953 00:06:58.70 -29:36:24.86 sdB+F/G 14.8 40.0 200 0.9 2.9
JL 163 00:10:33.21 -50:15:24.41 sdB: 13.0 40.0 329 0.6 1.8
MCT 0011-3543 00:13:42.19 -35:27:01.41 sdB 14.8 40.0 129 1.0 2.4
MCT 0021-2326 2 00:23:59.32 -23:09:53.89 sdB – 40.0 291 2.1 6.7
BPS CS 30339-49 00:26:52.78 -35:34:01.26 sdB – 40.0 333 0.6 1.6
MCT 0025-3842 00:28:13.54 -38:25:32.13 sdB – 40.0 238 1.0 3.4
MCT 0029-4054 00:31:36.40 -40:37:55.36 sdB+F/G – 40.0 156 1.2 3.4
MCT 0101-2707 01:03:43.70 -26:51:53.47 sdB – 40.0 300 0.8 2.3
FB 14 01:06:51.04 -33:20:31.26 sdB 13.5 40.0 563 0.4 1.3
JL 236 01:14:06.67 -52:44:01.88 sdB 13.4 40.0 225 0.8 2.1
KUV 01118-2520 01:14:13.30 -25:04:18.76 sdB 15.4 40.0 225 1.5 4.7
MCT 0119-4028 01:21:15.79 -40:12:26.61 sdB 14.9 40.0 277 0.6 1.7
MCT 0123-3330 01:25:22.24 -33:15:09.42 sdB – 40.0 97 1.8 5.4
MCT 0123-2808 01:25:33.34 -27:53:04.70 sdB 16.1 40.0 661 1.5 5.0
BPS CS 22953-35 01:27:45.55 -59:53:37.32 sdB 0.0 40.0 203 0.8 2.2
HE 0135-6150 01:37:30.07 -61:34:57.79 sdB – 40.0 184 2.7 10.1
Continued on next page
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Target Name RA DEC Type Mag Exptime Numpts Noise Amax
(J2000) (J2000) (V) (s) (mma) (mma)
MCT 0140-3555 01:42:20.02 -35:40:25.91 sdB 15.1 40.0 240 0.9 2.5
JL 286 02:13:12.42 -50:04:39.72 sdB 14.3 40.0 203 1.0 2.9
HE 0221-3250 02:23:58.15 -32:36:32.60 sdB 14.7 40.0 335 0.5 1.4
HE 0230-4323 02:32:54.67 -43:10:27.80 sdB 13.8 40.0 400 0.4 6.2
HE 0231-3441 02:34:00.25 -34:27:54.89 sdB 14.8 40.0 299 0.8 2.3
LB 3275 02:42:30.07 -63:16:42.80 sdB 14.1 40.0 235 0.6 1.6
CPD-56 464 02:50:21.67 -56:12:52.30 sdB 12.0 40.0 185 0.5 1.5
EC 02571-7304 2 02:57:12.0 -72:52:55.0 sdB – 40.0 727 0.4 1.3
HE 0258-2158 03:00:17.80 -21:46:31.19 sdB 14.7 40.0 390 0.6 1.8
HE 0307-4554 03:09:25.93 -45:43:32.99 sdB 15.1 40.0 435 0.7 2.4
PHL 1534 03:26:14.98 -25:18:38.00 sdB? 14.6 40.0 260 0.6 1.5
AAVSO 0333-64 03:34:34.21 -64:00:56.40 sdO/sdB 14.2 40.0 250 0.5 1.5
HE 0340-3820 03:42:47.05 -38:11:26.40 sdB 14.8 40.0 397 0.4 1.2
HE 0341-2449 03:43:36.34 -24:39:47.00 sdB 14.9 40.0 300 0.8 5.3
HE 0343-4748 03:45:09.52 -47:38:53.99 sdB 14.2 40.0 400 0.4 1.0
HE 0351-3536 03:53:51.18 -35:27:35.30 sdB 14.1 40.0 400 0.6 1.4
HE 0405-3859 04:07:02.85 -38:51:46.10 sdB 14.4 40.0 258 0.4 1.3
HE 0410-4901 04:11:30.16 -48:53:48.00 sdB 14.5 40.0 290 0.6 1.6
HE 0415-2417 04:17:31.48 -24:09:50.69 sdB 0.0 40.0 174 2.4 6.0
HE 0419-2538 04:22:04.16 -25:31:00.50 sdB 13.7 40.0 145 0.6 1.3
HE 0429-2448 04:31:28.28 -24:41:56.79 sdB 15.3 40.0 260 0.7 1.8
HE 0444-4945 04:46:14.08 -49:40:10.80 sdB 15.1 40.0 131 1.4 3.3
HE 0447-3654 04:49:15.61 -36:49:28.70 sdB 14.6 40.0 287 1.0 3.1
HE 0452-3654 04:53:52.66 -36:49:15.20 sdB 13.9 40.0 162 1.5 5.2
LB 3400 04:54:01.21 -69:59:47.60 B0-1/sd? 12.3 40.0 200 0.7 2.0
HE 0500-3518 05:02:31.66 -35:14:19.39 sdB 15.0 40.0 231 0.7 2.1
HE 0505-3833 05:06:58.84 -38:29:15.50 sdB 14.2 40.0 400 0.5 1.6
HE 0510-4023 05:12:18.19 -40:19:34.50 sdB 14.8 40.0 165 0.9 2.8
HE 0513-2354 05:15:15.29 -23:51:09.50 sdB – 40.0 263 3.8 12.6
Continued on next page
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Target Name RA DEC Type Mag Exptime Numpts Noise Amax
(J2000) (J2000) (V) (s) (mma) (mma)
HE 0539-4246 05:41:06.68 -42:45:31.89 sdB 14.8 40.0 117 2.1 6.2
NSVS 09729507 06:05:18.33 20:44:32.03 sdB – 40.0 149 1.2 3.1
CD-23 4585 06:55:18.22 -23:32:16.58 sdB 9.5 40.0 295 0.6 2.0
EGGR 55 07:51:32.53 -38:28:35.29 sdOB 13.7 40.0 200 0.7 1.9
PG 0958-073 10:00:47.36 -07:33:30.50 sdB 13.6 40.0 155 1.0 2.7
EC 10060-2122 10:08:26.92 -21:36:50.40 sdB 15.5 40.0 295 1.6 3.9
EC 10246-2707 10:26:56.59 -27:22:58.73 sdB 14.4 40.0 238 2.9 21.1
EC 10276-2332 10:30:00.49 -23:48:02.94 sdB 15.1 40.0 243 1.1 3.0
EC 10385-2215 10:40:56.30 -22:31:31.45 sdB 15.1 40.0 300 0.6 1.8
PG 1047-066 10:50:28.84 -06:53:25.38 sdO(B) 14.8 40.0 108 1.1 2.9
EC 10566-2113 10:59:02.95 -21:29:32.56 sdB 14.6 40.0 155 0.8 2.0
EC 10578-3116 11:00:15.82 -31:32:47.06 sdOB 14.3 40.0 223 0.9 2.6
EC 10590-2735 11:01:24.89 -27:51:42.33 sdB 15.6 40.0 299 0.9 2.5
EC 11067-2008 11:09:10.60 -20:24:53.47 sdB 15.5 40.0 400 1.1 3.0
EC 11296-2431 11:32:09.87 -24:48:15.18 sdOB 14.5 40.0 288 0.9 2.5
EC 11349-2753 11:37:29.17 -28:09:43.86 sdB 12.7 40.0 297 0.4 1.4
EC 11394-3013 11:41:56.35 -30:30:19.71 sdB 16.0 40.0 179 1.7 4.2
EC 11446-3204 11:47:10.16 -32:21:31.38 sdB+ 12.7 40.0 177 0.7 2.5
EC 11590-2523 12:01:34.09 -25:40:23.24 sdB 14.5 40.0 290 0.6 1.8
EC 12234-2607 12:26:06.22 -26:24:12.39 sdB 13.8 40.0 290 0.7 1.6
EC 12278-1918 12:30:24.94 -19:35:29.14 sdB 14.5 40.0 184 2.5 8.2
EC 12303-2743 12:32:59.62 -28:00:18.70 sdB 15.2 40.0 260 1.4 3.5
EC 12376-2049 12:40:18.90 -21:06:10.74 sdB 13.7 40.0 237 0.4 1.4
CS 1244 12:47:58.60 -63:05:09.99 sdO 14.6 40.0 300 0.5 1.5
CS 1246 12:49:37.69 -63:32:08.99 sdB 14.6 40.0 198 2.3 22.2
EC 12473-3046 12:50:02.09 -31:02:54.75 sdB 13.8 40.0 250 0.7 1.8
EC 13047-3049 13:07:30.97 -31:05:01.83 sdB 12.8 40.0 211 0.7 2.0
EC 13185-2111 13:21:15.58 -21:27:17.93 sdB 14.8 40.0 250 0.7 2.0
EC 14329-2441 14:35:48.03 -24:54:11.40 sdB 15.5 40.0 354 0.9 2.7
Continued on next page
105
Continued from previous page
Target Name RA DEC Type Mag Exptime Numpts Noise Amax
(J2000) (J2000) (V) (s) (mma) (mma)
HD 128220 14:35:15.78 19:12:54.50 sdB – 40.0 110 1.8 4.5
EC 14599-2047 15:02:46.21 -20:59:40.53 sdB – 40.0 117 0.7 1.9
LSE 259 16:53:55.49 -56:01:56.09 He-sdO 12.5 40.0 160 0.8 2.2
SC 1721-336 17:24:34.79 -33:41:04.99 sdB 15.6 40.0 233 1.1 3.4
BPS CS 22947-115 19:15:22.75 -50:19:17.72 sdB – 40.0 247 0.7 2.2
BPS CS 22947-196 19:23:46.21 -47:47:15.70 sdB – 40.0 400 0.4 1.3
BPS CS 22891-188 19:32:38.63 -60:45:37.01 sdB – 40.0 42 7.3 17.0
JL 22 19:33:49.42 -74:32:58.67 sdB 13.8 40.0 169 0.4 1.1
JL 25 19:39:38.79 -76:01:16.53 sdOB 13.3 40.0 50 1.9 5.8
BPS CS 22896-190 19:45:49.96 -53:54:45.07 sdB – 40.0 332 0.5 1.4
BPS CS 22873-30 19:48:20.95 -57:51:52.31 sdB 14.4 40.0 206 0.5 1.5
BPS CS 22964-112 19:56:42.97 -40:27:56.46 sdB 15.4 40.0 77 4.2 9.2
BPS CS 22964-216 20:05:47.55 -39:18:15.87 sdB 15.8 40.0 182 2.6 9.2
BPS CS 22955-16 20:23:41.79 -26:17:05.97 sdB – 40.0 182 4.7 12.7
BPS CS 22955-79 20:26:10.18 -25:53:28.43 sdB 0.0 40.0 237 4.1 13.8
BPS CS 22955-89 20:27:43.27 -27:00:38.98 sdB – 40.0 180 11.1 25.0
BPS CS 22880-78 20:49:08.87 -20:30:05.83 sdB 15.3 40.0 199 1.0 2.6
BPS CS 22937-33 21:07:31.66 -40:05:47.93 sdB – 40.0 379 0.9 2.2
EC 21313-7301 21:36:01.18 -72:48:26.64 sdB 12.4 40.0 230 0.6 2.0
BPS CS 22956-32 21:45:35.53 -62:37:39.21 sdB – 40.0 235 0.9 2.1
BPS CS 22956-94 22:16:55.87 -64:31:49.56 sdB – 40.0 274 1.4 3.9
BPS CS 22960-63 22:22:08.74 -42:23:41.82 sdB – 40.0 101 2.8 6.8
BPS CS 22960-71 22:22:41.12 -43:51:08.70 sdB – 40.0 240 0.7 2.0
PHL 252 22:24:57.15 -31:37:18.95 sdOB 13.7 40.0 175 1.5 14.8
JL 111 22:38:22.60 -76:52:42.66 sdB 14.1 40.0 229 1.5 4.2
PB 7394 22:57:41.50 -13:35:46.74 B 13.9 40.0 356 0.8 2.2
JL 119 23:02:36.32 -71:13:00.50 sdOB 13.6 40.0 166 2.1 9.1
BPS CS 30493-9 23:04:01.31 -35:47:17.50 sdB – 40.0 175 1.2 4.1
GD 1532 23:10:11.11 -32:42:03.85 sdB – 40.0 238 1.3 3.3
Continued on next page
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Target Name RA DEC Type Mag Exptime Numpts Noise Amax
(J2000) (J2000) (V) (s) (mma) (mma)
GD 1110 23:19:24.47 -08:52:37.36 sdB 12.9 40.0 176 1.8 4.8
EGGR 505 23:31:49.96 -28:52:53.10 sdB 13.9 40.0 399 0.9 2.6
MCT 2341-3443 23:44:22.00 -34:27:00.39 sdB 11.0 40.0 376 1.1 3.3
MCT 2343-2944 23:46:17.74 -29:27:49.89 sdB 15.1 40.0 195 0.7 2.0
MCT 2355-3221 23:58:22.46 -32:04:39.10 sdB 15.2 40.0 211 1.1 2.7
MCT 2356-2655 23:59:07.10 -26:38:40.22 sdB+F/G 13.5 40.0 200 0.5 1.5
Table A.2: EC Zone 2 Survey Objects
Target Namea Exptime Numpts Noise Amax
(s) (mma) (mma)
EC 00311-8215 37.0 400 1.0 2.9
EC 00539-8141 37.0 400 0.7 2.6
EC 02268-8053 35.0 306 1.1 2.8
EC 02512-7246 35.0 368 1.0 2.8
EC 02571-7304 30.0 427 0.4 1.1
EC 03030-8558 35.0 571 1.0 2.9
EC 03205-8214 35.0 300 0.9 3.5
EC 03332-8307 30.0 235 1.2 3.8
EC 03379-8354 30.0 418 0.9 3.2
EC 03595-8530 30.0 203 1.0 3.1
EC 04178-1734 30.0 377 0.6 2.9
EC 04207-8347 35.0 298 1.3 3.7
EC 04271-1232 30.0 202 0.6 2.6
EC 04299-1651 35.0 232 0.6 1.9
EC 04331-2232 36.0 269 0.8 2.2
EC 04521-3654 30.0 300 0.6 1.7
Continued on next page
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Target Namea Exptime Numpts Noise Amax
(s) (mma) (mma)
EC 04582-5357 25.0 149 0.5 1.3
EC 04589-2945 28.0 126 0.6 1.8
EC 05015-2831 25.0 276 0.5 1.3
EC 05155-6100 35.0 300 0.6 2.0
EC 05282-3316 35.0 348 0.7 2.4
EC 05313-5402 30.3 333 0.8 2.8
EC 05349-6124 35.2 331 3.3 9.1
EC 05358-4616 30.2 300 0.9 2.6
EC 05382-5637 35.3 265 1.0 2.2
EC 05395-4246 30.0 222 0.8 1.8
EC 05576-8527 32.0 288 0.5 1.4
EC 06097-8326 36.0 398 0.8 2.5
EC 06387-8448 30.0 232 0.6 1.8
EC 18341-8606 35.0 414 1.9 6.1
EC 19193-5758 35.0 344 1.2 3.1
EC 19203-7147 36.0 451 6.0 20.3
EC 19215-6332 35.0 354 0.8 2.2
EC 19269-6231 35.0 238 1.1 3.2
EC 19286-7654 36.0 418 1.1 3.1
EC 19292-6052 36.0 423 0.9 2.7
EC 19303-7032 30.0 464 0.6 1.6
EC 19333-5446 35.6 233 1.1 3.4
EC 19341-5649 33.0 271 0.8 2.0
EC 19342-6458 35.1 260 1.1 2.7
EC 19373-6545 35.0 298 1.0 2.8
EC 19385-5259 30.0 229 0.8 2.3
EC 19418-5402 30.0 347 0.8 2.3
EC 19420-5836 33.2 234 0.7 2.1
EC 19424-5320 35.2 309 1.0 2.8
Continued on next page
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Target Namea Exptime Numpts Noise Amax
(s) (mma) (mma)
EC 19438-5441 32.1 333 0.7 2.0
EC 19441-5759 27.1 396 0.7 2.2
EC 19446-5603 26.6 400 0.6 2.3
EC 19470-4207 32.2 312 1.2 3.4
EC 19478-4007 25.1 346 0.7 2.0
EC 19484-6958 25.1 202 1.1 2.8
EC 20027-8317 35.0 450 0.8 2.0
EC 20309-3252 30.0 530 0.4 1.3
EC 20369-1804 25.0 415 0.4 1.1
EC 20490-1632 35.0 284 0.7 2.0
EC 20544-1713 35.0 518 1.2 3.4
EC 21008-1929 32.0 350 0.5 1.6
EC 21086-8739 35.0 378 0.6 1.9
EC 21125-7013 25.0 552 0.4 1.8
EC 21134-6507 35.8 260 2.1 5.4
EC 22075-7640 35.0 422 0.7 2.6
EC 22328-7843 35.0 500 1.0 2.8
EC 22340-7708 27.5 435 0.6 2.0
EC 23029-7809 25.0 457 0.5 1.8
EC 23072-8644 46.0 485 0.9 3.0
EC 23114-8311 31.0 398 0.9 2.3
a For target coordinates and magnitudes, we refer the reader to the future publication on Zone 2 objects in the Edinburgh-Cape survey.
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Table A.3: SDSS Survey Objects
Target Namea V Exptime Numpts Noise Amax
(mag) (s) (mma) (mma)
001843.52+010123.57 15.06 35.0 256 0.9 2.6
011418.62-004913.62 14.99 37.0 329 0.7 2.0
011857.20-002546.52 15.06 36.0 165 1.8 4.5
032138.68+053840.06 15.13 36.0 325 1.5 3.9
033504.23-000331.08 14.78 36.0 345 0.8 2.2
080928.26-081018.69 14.78 35.0 200 0.8 2.6
081112.71+000131.22 14.32 30.0 111 0.9 1.9
082053.54+000843.46 15.37 35.0 349 2.6 13.2
083452.78-042330.21 14.21 30.0 348 0.9 2.2
084122.67+063029.62 15.04 35.0 199 1.2 3.1
092856.05+061635.03 14.28 33.0 149 1.1 2.7
093059.63+025032.37 15.14 35.0 339 1.0 2.7
113840.69-003531.80 14.66 33.0 240 1.1 2.6
203306.79+135538.96 15.22 35.0 163 2.3 6.7
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Appendix B
CS 1246 O-C Diagram Observations Log
Table B.1: CS 1246 O-C Diagram Observations
Date Start Time Texp Tcycle Length Filter Telescopea
(UTC) (UTC) (s) (s) (hr)
2009-03-29 05:13:09 40 46 1.23 V P4
2010-02-21 02:00:07 30 36 2.91 Open P3
2009-04-01 00:51:02 40 46 1.40 V P5
2010-02-22 02:07:14 30 36 2.41 Open P3
2009-04-03 01:16:16 20 26 1.17 Open P4
2010-02-23 01:52:20 31 37 2.48 Open P3
2009-04-03 23:59:03 80 86 9.43 u’ P3
2010-02-25 02:27:30 30 36 2.40 Open P3
2009-04-04 00:57:03 40 52 9.57 g’ P2
2010-02-27 01:37:09 30 36 3.11 Open P3
2009-04-04 00:01:48 40 47 9.57 r’ P4
2010-02-28 08:04:58 20 26 1.78 S8612 SOAR
2009-04-04 00:01:52 40 47 8.66 i’ P5
2010-03-01 02:37:10 20 26 6.79 B SOAR
2009-04-04 23:57:56 80 86 8.61 u’ P3
2010-03-05 01:13:28 30 36 2.41 Open P3
2009-04-04 23:57:06 40 52 9.31 g’ P2
2010-03-06 01:09:45 30 36 1.61 Open P3
2009-04-04 23:57:42 40 47 9.29 r’ P4
Continued on next page
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Date Start Time Texp Tcycle Length Filter Telescopea
(UTC) (UTC) (s) (s) (hr)
2010-03-07 01:06:47 30 36 2.92 Open P3
2009-04-04 23:57:39 40 47 9.43 i’ P5
2010-03-11 00:44:23 30 36 3.20 Open P3
2009-04-05 23:56:42 80 86 9.70 u’ P3
2010-03-13 02:09:46 30 36 1.64 Open P3
2009-04-05 23:55:47 40 52 9.69 g’ P2
2010-03-14 00:32:23 30 36 3.19 Open P3
2009-04-05 23:56:36 40 47 9.68 r’ P4
2010-03-16 01:00:50 30 36 2.59 Open P3
2009-04-05 23:56:32 40 47 9.69 i’ P5
2010-03-18 01:21:58 30 36 4.37 Open P3
2009-04-16 09:07:06 10 16 1.10 R SOAR
2010-03-21 06:02:18 30 36 3.41 Open P3
2009-04-17 01:00:22 80 86 6.14 350-620nmb SOAR
2010-03-23 01:20:24 30 36 2.56 Open P3
2009-05-14 05:09:12 20 26 3.08 V P5
2010-03-27 03:00:52 30 36 2.14 Open P3
2009-05-15 00:57:56 20 26 5.45 V P5
2010-03-28 02:51:33 30 36 1.71 Open P3
2009-07-23 23:36:05 40 46 3.25 V P4
2010-03-29 06:30:50 30 36 2.99 Open P3
2009-08-02 23:35:20 40 46 2.67 rprime P3
2010-03-30 00:28:42 30 36 3.00 Open P3
2009-08-04 00:00:41 40 46 1.48 rprime P3
2010-03-31 05:06:29 30 36 2.99 Open P3
2009-08-05 00:00:48 40 46 2.12 rprime P3
2010-04-01 00:29:16 30 36 1.98 Open P3
2010-01-17 04:18:07 30 36 3.25 Open P3
2010-04-02 00:17:15 30 36 3.97 Open P3
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Date Start Time Texp Tcycle Length Filter Telescopea
(UTC) (UTC) (s) (s) (hr)
2010-01-18 04:13:15 30 36 2.90 Open P3
2010-04-03 00:50:48 30 36 3.49 Open P3
2010-01-19 04:09:46 30 36 3.88 Open P3
2010-04-04 23:58:13 30 36 3.08 Open P3
2010-01-20 04:05:29 30 36 3.94 Open P3
2010-04-06 01:26:05 30 36 7.95 Open P3
2010-01-21 04:01:50 30 36 3.90 Open P3
2010-04-07 00:46:28 30 36 5.28 Open P3
2010-01-22 04:52:00 33 39 2.91 Open P3
2010-04-08 00:41:50 30 36 4.67 Open P3
2010-01-23 03:53:38 25 31 3.38 Open P3
2010-04-09 00:42:05 30 36 2.98 Open P3
2010-01-24 04:39:12 30 36 3.42 Open P3
2010-04-10 00:38:21 30 36 3.59 Open P3
2010-01-26 03:42:18 30 36 1.48 Open P3
2010-04-12 00:12:12 30 36 5.56 Open P3
2010-01-29 01:51:06 30 36 3.74 Open P3
2010-04-13 00:07:47 30 36 4.99 Open P3
2010-01-31 03:22:26 30 36 3.93 Open P3
2010-04-14 00:03:33 30 36 3.70 Open P3
2010-02-01 03:18:25 30 36 4.96 Open P3
2010-04-15 00:03:48 30 36 1.90 Open P3
2010-02-02 06:41:19 30 36 1.93 Open P3
2010-04-19 03:51:05 30 36 4.29 Open P3
2010-02-04 03:06:53 30 36 4.59 Open P3
2010-04-19 23:49:39 30 36 5.41 Open P3
2010-02-07 01:56:24 30 36 2.69 Open P3
2010-04-20 23:39:39 30 36 7.40 Open P3
2010-02-08 04:19:12 30 36 5.38 Open P3
Continued on next page
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Date Start Time Texp Tcycle Length Filter Telescopea
(UTC) (UTC) (s) (s) (hr)
2010-04-22 23:37:12 30 36 6.63 Open P3
2010-02-09 04:00:47 30 36 3.84 Open P3
2010-04-24 03:47:37 30 36 1.84 Open P3
2010-02-10 04:01:02 30 36 4.04 Open P3
2010-04-25 22:58:30 30 36 2.82 Open P3
2010-02-13 03:49:45 30 36 2.55 Open P3
2010-04-27 03:31:02 30 36 3.66 Open P3
2010-02-14 03:59:15 30 36 2.33 Open P3
2010-04-27 23:33:40 30 36 2.50 Open P3
2010-02-16 03:51:20 30 36 2.33 Open P3
2010-04-30 23:16:38 30 36 3.58 Open P3
2010-02-17 02:49:32 30 36 3.00 Open P3
2010-05-03 02:56:35 30 36 4.16 Open P3
2010-02-18 02:11:52 30 36 3.11 Open P3
2010-05-04 23:28:40 30 36 3.11 Open P3
2010-02-19 02:08:17 30 36 3.23 Open P3
2010-05-07 04:31:20 30 36 2.92 Open P3
2010-02-20 02:58:25 30 36 2.21 Open P3
2010-05-10 23:23:16 30 36 4.15 Open P3
a“P” = PROMPT
blight curve produced from time-series spectra over the wavelength range 3500-6200 Å
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Appendix C
Times of Light Maxima in CS 1246 and
Their O-C values
Table C.1: Observed times of light maxima and corresponding O-C values for CS 1246
Time of maximum Error O-C Time of maximum Error O-C
(BJED-2450000) (s) (s) (BJED-2450000.) (s) (s)
4919.752522 ± 3.9 -7.1 5248.652306 ± 3.0 -10.4
4922.574358 ± 7.2 -30.5 5249.646023 ± 2.4 -14.0
4924.587722 ± 3.8 -27.8 5250.635488 ± 2.8 -13.4
4925.701949 ± 6.5 -26.7 5252.661896 ± 3.4 1.6
4925.714875 ± 1.8 -25.8 5254.640884 ± 3.3 8.0
4925.714857 ± 3.2 -27.3 5255.879877 ± 1.0 9.7
4925.732098 ± 8.1 -23.7 5256.757465 ± 1.0 8.3
4926.682811 ± 6.6 -26.2 5260.607526 ± 4.0 -10.5
4926.700089 ± 3.7 -19.4 5261.584115 ± 6.2 -7.3
4926.700058 ± 2.1 -22.0 5262.616527 ± 3.3 -12.8
4926.704334 ± 8.0 -24.5 5266.604618 ± 2.3 0.0
4927.698121 ± 7.4 -23.4 5268.630913 ± 3.6 5.1
4927.711063 ± 3.1 -19.2 5269.598903 ± 5.9 8.8
4927.711074 ± 2.1 -18.2 5271.603620 ± 3.5 8.0
4927.698156 ± 7.4 -20.3 5273.655536 ± 2.1 -3.4
4937.910976 ± 1.1 -28.7 5276.830294 ± 2.8 -12.7
Continued on next page
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Time of maximum Error O-C Time of maximum Error O-C
(BJED-2450000) (s) (s) (BJED-2450000.) (s) (s)
4938.681036 ± 2.3 -27.5 5278.615661 ± 4.0 -9.0
4965.787953 ± 7.5 -19.9 5282.681150 ± 4.4 0.6
4966.665615 ± 5.1 -13.9 5283.662026 ± 3.7 2.5
5036.555718 ± 6.1 -13.0 5284.845213 ± 3.9 14.6
5046.545184 ± 8.3 8.9 5285.593652 ± 3.6 5.4
5047.538762 ± 6.8 -6.0 5286.785176 ± 3.4 -5.4
5048.549697 ± 5.6 -9.2 5287.572491 ± 6.1 -1.1
5213.750512 ± 2.2 9.2 5288.604931 ± 2.4 -4.2
5214.739933 ± 2.1 6.2 5289.615806 ± 2.5 -12.1
5215.759436 ± 2.4 0.3 5291.573250 ± 3.2 -8.7
5216.757515 ± 2.3 1.8 5292.726167 ± 6.9 -10.2
5217.755525 ± 2.4 -2.6 5293.676951 ± 2.3 -6.2
5218.770747 ± 1.9 -6.7 5294.636362 ± 2.3 -0.3
5219.738651 ± 2.1 -10.3 5295.600108 ± 2.7 8.3
5220.771104 ± 2.1 -12.4 5296.611080 ± 2.3 8.8
5222.715675 ± 3.6 -6.2 5298.654533 ± 5.2 9.6
5225.662660 ± 4.3 4.6 5299.618096 ± 3.1 2.5
5227.727697 ± 3.3 11.8 5300.594632 ± 2.9 1.2
5228.747268 ± 2.6 11.7 5301.549629 ± 7.0 -2.6
5229.826914 ± 3.0 -1.4 5305.761159 ± 2.9 -12.6
5231.732689 ± 2.6 -2.0 5306.617291 ± 3.8 -9.3
5234.644963 ± 4.7 -16.7 5307.649793 ± 3.9 -7.1
5235.754975 ± 2.3 -8.1 5309.663194 ± 2.6 -1.0
5236.765965 ± 2.5 -6.2 5310.708696 ± 4.1 9.4
5237.759795 ± 1.8 0.0 5312.524198 ± 5.7 14.7
5240.719663 ± 4.7 8.6 5313.711413 ± 3.8 3.1
5241.722024 ± 2.9 8.6 5314.541647 ± 4.6 -1.2
5243.718128 ± 2.4 7.0 5317.557226 ± 5.0 -11.1
5244.686000 ± 2.2 0.6 5319.721109 ± 2.5 -12.2
Continued on next page
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Time of maximum Error O-C Time of maximum Error O-C
(BJED-2450000) (s) (s) (BJED-2450000.) (s) (s)
5245.662495 ± 2.5 -4.3 5321.562408 ± 4.1 -7.9
5246.664874 ± 2.8 -2.9 5323.760837 ± 3.0 1.8
5247.675753 ± 3.8 -10.6 5326.669086 ± 2.0 11.0
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